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CHARACTERIZATION OF CERAMIC MATERIALS 
FOR MICROELECTRONIC APPLICATIONS 
Abst rac t  
A major f a c t o r  t o  be considered i n  t h e  c h a r a c t e r i z a t i o n  
of ceramics i s  the s i g n i f i c a n t  d i f f e rences  between the e l e c t r o n i c  
p r o p e r t i e s  of s i n g l e - c r y s t a l  and p o l y c r y s t a l l i n e  ma te r i a l s ,  due 
t o  the presence of g r a i n  boundaries i n  t h e  l a t t e r ,  
boundary phase possesses a de fec t  s t r u c t u r e  and usua l ly  has elec- 
t r i c a l  p rope r t i e s  d i f f e r e n t  from those  of the bulk phase. There- 
f o r e ,  i n  t h e  c h a r a c t e r i z a t i o n  of BaTiO ceramics, major emphasis 
has been placed i n  c o r r e l a t i n g  t h e  bulk p rope r t i e s  w i t h  t he  sur-  
f a c e  o r  grain-boundary p r o p e r t i e s ,  t ak ing  i n t o  cons idera t ion  t h e  
effects of g r a i n  s i z e  v a r i a t i o n  and devia t ions  from stoichiometry.  
The grain-  
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3 1 
CKARACTERIZATION OF CERAMIC MATERIALS 
FOR MICROELECTRONIC APPLICATIONS 
I. SUMMARY 
The major emphasis i n  t h i s  i n v e s t i g a t i o n  has been on 
the c h a r a c t e r i z a t i o n  of BaTiO ceramics f o r  microelectronic  app l i -  
c a t i o n s .  . A  phenomenological approach has been used i n  c o r r e l a t i n g  
bulk and boundary phase p rope r t i e s .  
In  going from a s i n g l e - c r y s t a l  s t a t e  t o  a po lycrys ta l -  
l ine  form, a number of i n t e r a c t i n g  factors--some dominant, o the r s  
less so--are involved. These f a c t o r s  include micros t resses ,  in-  
t e r n a l  f i e l d s  due t o  uncompensated charges a t  the surfaces and 
boundaries,  and the de fec t  boundary l a y e r  i t s e l f .  Although some 
of the anomalous p rope r t i e s  i n  BaTiO ceramics have been s a t i s -  
f a c t o r i l y  explained, the r o l e  of sur faces  i n  submicron-sized 
powders, and i n  p a r t i c u l a r  of g r a i n  boundaries i n  BaTiO has not 
been thoroughly understood. The importance of sur faces  and g r a i n  
boundaries i n  c o n t r o l l i n g  the e l e c t r i c a l  and mechanical p rope r t i e s  
i s  w e l l  recognized i n  o the r  ma te r i a l  systems. Knowledge of t he i r  
r o l e  i n  determining the e l e c t r o n i c  na tu re  of a n  electroceramic 
ma te r i a l  such a s  l3aTiO3 i s  e s s e n t i a l  t o  cha rac t e r i za t ion .  
3 
3 
3 ,  
A model f o r  t h e  o r i g i n  of a defec t  l a y e r  on BaTi03 pow- 
ders was formulated t o  exp la in  a h i g h - r e s i s t i v i t y  su r face  l aye r .  
The e s s e n t i a l  f e a t u r e s  of the proposed model a r e  t h a t  c a t i o n  va- 
canc ies  c rea t ed  by t h e  process of c a t i o n i c  migrat ion t o  t h e  sur -  
f ace  represent  acceptor  s t a t e s  which may t r a p  e l ec t rons  from 
energy l e v e l s  above the t r a p  s t a t e .  The number of e l ec t rons  
a v a i l a b l e  f o r  conduction would be d r a s t i c a l l y  reduced by this  
means, and the r e s i s t i v i t y  of t h e  dep le t ion  l a y e r  would r ise  
probably by s e v e r a l  o rders  of magnitude, 
A t h e o r e t i c a l  a n a l y s i s  on the b a s i s  of a modified 
Bruggemann equat ion was a l s o  developed t o  q u a n t i t a t i v e l y  show the 
r e l a t i o n s h i p  between the d i e l e c t r i c  cons tan ts  of the bulk  and 
g r a i n  boundary phases a s  a func t ion  of g r a i n  s i z e s .  It should 
- 1- 
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be  pointed ou t  t h a t  t h i s  model i s  c e r t a i n l y  overs impl i f ied  i n  
view of the a c t u a l  complexi t ies  and i n t e r a c t i o n s  between ad jacent  
g ra ins .  The purpose of such a model, however, i s  t o  permit deduc- 
t i o n s  on orders  of magnitudes of such q u a n t i t i e s  a s  the d i e l e c t r i c  
cons tan t  of the g r a i n  boundary phase, h i t h e r t o ,  a n  unknown quan- 
t i t y .  However, the s impl i f i ed  two-phase, Bruggemann-type approach 
does s a t i s f a c t o r i l y  f i t  the experimental  data  on the e f f e c t  of 
g r a i n  s i z e  on the d i e l e c t r i c  cons tan t  of s i n t e r e d  BaTi03 ceramics. 
The major experimental  work t o  d a t e  has been t o  s tudy 
t h e  change i n  the d i e l e c t r i c  behavior of barium t i t a n a t e  during 
the con t ro l l ed  conversion of compacted high-puri ty  powders t o  
increas ingly  dens i f ied  and bonded bodies.  
The r e s u l t s  obtained on t h e  e f f e c t s  of water  vapor on 
the  d i e l e c t r i c  p rope r t i e s  of BaTi03 a r e  s i g n i f i c a n t  no t  only t o  
t h e  o v e r a l l  ques t ion  of cha rac t e r i za t ion  bu t  a l s o  t o  the process- 
i ng  and performance of microcapaci tors .  Our experimental  r e s u l t s  
i n d i c a t e  t h a t  the sur faces  of barium t i t a n a t e  powders can be char-  
a c t e r i z e d  by eva lua t ing  t h e  changes i n  the  d i e l e c t r i c  loss phenom- 
ena,  Small changes i n  the  s toichiometry of the ma te r i a l  (BaO/Ti02 
r a t i o )  can be co r re l a t ed  wi th  a marked change i n  t h e  a c  conducti-  
v i t y  ( a t  1 kHz) a s  a func t ion  of t h e  p a r t i a l  p ressure  of water.  
The cha rac t e r i za t ion  of BaTi03 ceramics has been attempted 
i n  t e r m s  of a n  equiva len t  c i r c u i t ,  w i t h  the bulk of the g ra ins ,  
sur faces  and g r a i n  boundaries being represented  by t h e i r  respec- 
t ive capac i tance  and r e s i s t ance .  This approach towards charac- 
t e r i z a t i o n  has y ie lded  u s e f u l  information.  It a l s o  s impl i f i e s  the 
i n t e r p r e t a t i o n  of the d ie lec t r ic  p rope r t i e s  of a ceramic f o r  de- 
vice app l i ca t ions .  
The equiva len t  c i r c u i t  approach has been c a r r i e d  ou t ,  
p r imar i ly  by eva lua t ing  the d i e l e c t r i c  p rope r t i e s  over a range of 
f requencies .  This i s  e s s e n t i a l  i n  order  t o  understand and d i f -  
f e r e n t i a t e  t h e  many complex i n t e r a c t i o n s  t h a t  con t r ibu te  t o  the 
t o t a l  p e r m i t t i v i t y  i n  BaTi03 ceramics. 
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The d i e l e c t r i c  p rope r t i e s  of ceramic BaTi03 a t  i n f r a red  
and o p t i c a l  f requencies  
Measurements a t  these f requencies  ind ica t e  pr imar i ly  the c o n t r i -  
bu t ion  of the e l e c t r o n i c  p o l a r i z a b i l i t y  t o  the t o t a l  pe rmi t t i v i ty .  
These experiments have been c a r r i e d  ou t  a s  a func t ion  of g r a i n  
s i z e ,  t o  d i f f e r e n t i a t e  the g r a i n  boundary con t r ibu t ion  from t h a t  
of the g ra in .  The results i n d i c a t e  t h a t  i n  t h i s  frequency range, 
the d i e l e c t r i c  cons tan t  decreases  s l i g h t l y  w i t h  a decrease i n  
g r a i n  s i z e .  The r e s u l t s  a l s o  suggest t h a t  the g r a i n  s i z e  depen- 
dence of the d i e l e c t r i c  cons tan t  i n  BaTiO 
f e r r o e l e c t r i c  i n  o r i g i n ,  and t h a t  a con t r ibu t ion  nonfe r roe lec t r i c  
i n  o r i g i n  ex is t s ,  This lends f u r t h e r  support  t o  the approach 
suggested i n  the t h e o r e t i c a l  a n a l y s i s  of the e l e c t r o n i c  charac- 
t e r i s t ics  of g r a i n  boundaries i n  BaTi03 ceramics, presented i n  
th i s  r epor t .  
t o  1014 Hz) have been evaluated.  
may not  be  e n t i r e l y  3 
The r e s u l t s  show t h a t  BaTi03 ceramics can, indeed, be 
It e f f e c t i v e l y  charac te r ized  f o r  microe lec t ronic  app l i ca t ions .  
has been demonstrated t h a t ,  by eva lua t ion  of  s e l ec t ed  d i e l e c t r i c  
p rope r t i e s ,  information can  be obtained t o  cha rac t e r i ze  the mate- 
r i a l  i n  t e r m s  of a n  equiva len t  c i r c u i t ,  which represents  bulk 
g ra in ,  boundary phases,  and sur face  phenomena such a s  adsorbed 
l a y e r  e f f e c t s .  
- 3 -  
11. INTRODUCTION 
In  order  t o  improve the r e l i a b i l i t y  and f u n c t i o n a l i t y  
of ceramic ma te r i a l s  f o r  microe lec t ronic  app l i ca t ions  it i s  es- 
s e n t i a l  t o  s tudy and understand the "appl icat ion-property-character"  
i n t e r r e l a t i o n s h i p .  This, i n  turn,  w i l l  i n d i c a t e  the methods and 
approaches f o r  the most e f f e c t i v e  cha rac t e r i za t ion ,  
However, t echn ica l  ceramics ,  un l ike  a number of o t h e r  
a reas  which have developed i n t o  sound s c i e n t i f i c  groupings,  i s  
s t i l l  somewhat empir ica l .  The ceramis t  could say t h a t  it i s  so 
because na ture  has  made ceramic mater ia l s  p a r t i c u l a r l y  hard t o  
understand and ino rd ina te ly  complex f o r  simple theory;  and while 
the phys ic i s t  o f t e n  works w i t h  h igh-pur i ty  s i n g l e  c r y s t a l s ,  the 
ceramis t  must work w i t h  m u l t i c r y s t a l l i n e ,  polyphase ma te r i a l s ,  
and must select  f o r  h igh  p u r i t y  and s toichiometry.  The f a c t  that  
ceramic ma te r i a l s  cannot be prepared, a s  y e t ,  w i t h  the high degree 
of p u r i t y  of e lemental  mater ia l s  does not  preclude the i r  scienti-  
f i c  development. W e  s h a l l  see t h a t  there a re  o the r  s i g n i f i c a n t  
parameters such a s  s toichiometry and g r a i n  boundary-to-grain 
phase d i s t r i b u t i o n s  t h a t  p lay  a c r i t i c a l  r o l e  i n  the understanding 
of ceramic materia Is. 
The cu r ren t  program i s  aimed s p e c i f i c a l l y  a t  a meaning- 
f u l  c h a r a c t e r i z a t i o n  of barium t i t a n a t e  ceramics,  which have s ig -  
nif icant  app l i ca t ions  i n  microe lec t ronics .  The research  done a t  
I I T R I  has demonstrated t h a t  s e l ec t ed  e l e c t r i c a l  measurements can 
be  appl ied  t o  y i e l d  meaningful information about the boundary and 
bulk p rope r t i e s  of a ceramic, such a s  barium t i t a n a t e .  The elec- 
t r i c a l  measurements a r e  not  only pe r t inen t  t o  the end use of 
BaTiO ceramics i n  microe lec t ronics ,  bu t  s impl i fy  the i n t e r p r e t a -  
t i o n  of the e l e c t r o n i c  p rope r t i e s  of a ceramic f o r  device design 
and microe lec t ronic  app l i ca t ions .  
1 
3 
The complex na ture  of ceramic materials makes charac- 
t e r i z a t i o n  more d i f f i c u l t ,  but  no t  impossible.  Preferab ly ,  w e  
would l i k e  t o  cha rac t e r i ze  ceramic ma te r i a l s  t h a t  a r e  f r e e  of a l l  
t r a c e  impur i t ies .  But un l ike  elemental  semiconductor type 
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materials (such a s  s i l i c o n )  the p u r i f i c a t i o n  of ceramics presents  
some problems. 
Because of the need f o r  preparing high-puri ty  mater ia l s ,  
a number of r e l a t i v e l y  novel methods have been devised, such a s  
plasma a r c  w i t h  induct ion  coupl ing and the decomposition of organo- 
metal l ics ,  These methods do c o n s i s t e n t l y  produce f i n e  p a r t i c l e  
powders of ceramic ma te r i a l s ,  bu t  no t  necessa r i ly  of a higher  
p u r i t y  than  some of the o t h e r  techniques.  I n  f a c t ,  q u i t e  o f t e n  
small  p a r t i c l e  s i z e  r e f r a c t o r y  oxides have been obtained a t  the 
expense of s toichiometry.  Even t h e  removal of t r a c e  impur i t ies  
by thermal and/or  chemical techniques q u i t e  o f t e n  causes problems 
i n  s toichiometry.  Although impur i t ies  play a n  important r o l e  i n  
the p rope r t i e s  of ceramic ma te r i a l s ,  s toichiometry,  i n  some in- 
stances, i s  much more s i g n i f i c a n t .  The r o l e  of impur i t ies  can 
be evaluated by " f inger -pr in t ing"  the extent of the t r a c e  impuri- 
t i e s  and their  e f f e c t s  on the d i e l e c t r i c  behavior of BaTi03. 
Major emphasis has been placed on both  s toichiometry 
and p u r i t y ,  i n  s e l e c t i n g  the materials t o  be inves t iga ted  i n  t h i s  
program. The p u r i t y  level of t hese  ceramics i s  a n  order  of mag- 
n i tude  super ior  t o  what i s  commercially a v a i l a b l e  f o r  BaTiO 
ceramics.  Therefore ,  a l though it  i s  not  poss ib le ,  a t  t h i s  s t age ,  
t o  work w i t h  BaTi03 ceramics comparable t o  the "u l t ra -h igh  pur i ty"  
s i l i c o n  ma te r i a l s ,  t h e  very s i g n i f i c a n t  improvements i n  pu r i ty ,  
and the f a c t  t h a t  BaTi03 powders of con t ro l l ed  s toichiometry were 
a t t a i n e d  i n  th i s  s tudy,  j u s t i f i e s  t h e i r  use and makes the inter-  
p r e t a  t i o n  poss ib l e  . 
3 
In a t tempt ing  t o  cha rac t e r i ze  B a T i 0 3  ceramics f o r  micro- 
e l e c t r o n i c  app l i ca t ions  w e  have attempted t o  answer the fol lowing 
ques t  ions : 
1. What a r e  the p rope r t i e s  of t h e  sur face  defec t  l aye r  of 
a powder p a r t i c l e ,  and how do they change w i t h  p a r t i c l e  
s i z e ,  temperature,  and oxygen p a r t i a l  p ressure?  
-5- 
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2. W h a t  a r e  the e l e c t r i c a l  p rope r t i e s  of the boundary 
phase i n  p o l y c r y s t a l l i n e  ceramics and their  r e l a t i o n -  
s h i p  t o  g r a i n  s i z e  and pressure?  
3 .  W h a t  i s  the c o r r e l a t i o n  between the p rope r t i e s  of the 
defec t  sur face  l a y e r  of the powder p a r t i c l e s  and the 
. prope r t i e s  of the boundary phase i n  the ceramic? 
i 
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111, THE CONCEPTS OF CHARACTERIZING 
POLYCRYSTALLINE MATERIALS 
A .  General Discussion 
The research  e f f o r t  t ha t  has  been expended i n  the s tudy 
of i o n i c  compounds i s  i l l u s t r a t e d  i n  Fig .  1. T h i s  c h a r t  i nd ica t e s  
n o t  on ly  the p a r t i c u l a r  a r e a s  tha t  have been inves t iga ted ,  bu t  
a l s o  ind ica t e s ,  q u a l i t a t i v e l y ,  the amount of work c a r r i e d  ou t  i n  
a p a r t i c u l a r  f i e l d .  
The a l k a l i  ha l ides  have been s tudied  f o r  a long t i m e ,  
t h e o r e t i c a l l y  a s  w e l l  a s  experimental ly .  S ingle  c r y s t a l s  of 
these compounds are  e a s i l y  obtained and, more important,  one may 
assume t h a t  the bonding between the ions i n  the a l k a l i  ha l ides  i s  
near ly  100% ion ic .  The P a u l i  p r i n c i p l e ,  then, forb ids  apprec iab le  
e l e c t r o n i c  overlap,  and a t h e o r e t i c a l  t reatment  on the b a s i s  of a 
S l a t e r  determinant formed from Bloch func t ions  can  be appl ied .  
S ingle  c r y s t a l s  of the high-melting oxides ,  i n  s i z e s  and of a 
chemical p u r i t y  a s  requi red  f o r  phys ica l  p roper ty  measurements, 
became a v a i l a b l e  only recent ly .  Furthermore, the oxides cons t i -  
t u t e  a s p e c i a l  c l a s s  of i on ic  compounds in so fa r  a s  they e x h i b i t  a 
cons iderable  amount of covalen t  bonding i n  a d d i t i o n  t o  the ion ic  
bond. I n  alumina, the covalen t  con t r ibu t ion  amounts t o  about 40% 
of the t o t a l  bond between ca t ions  and anions.  The  shar ing  of 
e l ec t rons  i n  a d d i t i o n  t o  e l e c t r o n  exchange i s  d i f f i c u l t  t o  approach 
t h e o r e t i c a l l y .  
The su r face  and volume p rope r t i e s  of s ing le -c rys t a l  
oxides have been given much a t t e n t i o n .  Rela t ive ly  l i t t l e  work 
has been done on t h e  high-temperature charge and hea t  t r anspor t  
i n  s i n g l e  c r y s t a l s  of high pu r i ty .  The high-temperature hea t  
t r anspor t  mechanism i n  i o n i c  c r y s t a l s  pred ic ted  by Peierls i n  
1931 has not  been v e r i f i e d  experimental ly  i n  the in te rvening  years  
t o  da te ,  a l though it i s  of importance f o r  the eva lua t ion  of elec- 
t r o n  phonon i n t e r a c t i o n s  a t  high temperatures.  L i t t l e  a t tempt  
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has been made, on  the o t h e r  hand, t o  c o r r e l a t e  sur face  s tud ie s  
on s i n g l e  c r y s t a l  oxides  w i t h  grain-boundary e f f e c t s  i n  polycrys ta l -  
l ine  ma te r i a l s .  
Many methods have been t r i e d  t o  cha rac t e r i ze  ceramic 
ma te r i a l s  and, f o r  the most p a r t ,  they  have not  been successfu l  
i n  achieving th i s  goal .  They have succeeded i n  many cases  i n  the 
i d e n t i f i c a t i o n  of ceramics and have a l s o  advanced the understanding 
of m e c h a n i s m s  such a s  f r a c t u r e ,  s t r e n g t h  improvement, and cor ros ion  
resistance. Undoubtedly, some of the d i f f i c u l t y  has been due t o  
the o r i e n t a t i o n  of the "charac te r izer . "  The nondes t ruc t ive  tes t -  
ing  groups have worked w i t h  ceramics, bu t  they  a r e  method r a t h e r  
than  ma te r i a l s  or ien ted .  Mater ia l s  exper t s  have looked a t  i nd i -  
v idua l  mechanisms and appear t o  have overlooked t h e i r  t o t a l i t y .  
The ques t ion  then  a r i s e s  a s  t o  w h a t  methods can be used 
f o r  cha rac t e r i za t ion .  The two methods which should be used simul- 
taneously can be i d e n t i f i e d  a s  "d i rec t"  and "mechanistic .'I Although 
these two methods d i f f e r  i n  approach, they a r e  i n t e r r e l a t e d  i n  
devis ing  a complete c h a r a c t e r i z a t i o n  of a ceramic f o r  a p a r t i c u l a r  
app l i ca t ion .  The end-appl icat ion f o r  which a ceramic has t o  be 
charac te r ized  i s  c r i t i c a l  i n  t h e  s e l e c t i o n  of those  p rope r t i e s  o r  
parameters which w i l l  b e s t  cha rac t e r i ze  i t .  
The c h a r a c t e r i z a t i o n  of ceramic mater ia l s  by the "d i rec t"  
method a lone  merely enables  us t o  i d e n t i f y  ce r t a in  phys ica l ,  
chemical, thermal,  and e lec t r ica l  p rope r t i e s  of a specimen and, 
t o  some ex ten t ,  r e l a t e  t h e m  t o  the processing parameters., Undoubt- 
ed ly ,  t h i s  approach i s  essent ia l  f o r  determining the r ep roduc ib i l i t y  
of one p iece  of ceramic hardware compared t o  another  f o r  a p a r t i -  
c u l a r  forming o r  processing cyc le .  However, when th i s  approach 
of c h a r a c t e r i z a t i o n  i s  u t i l i z e d  a lone ,  it does no t  permit us t o  
gene r i ca l ly  cha rac t e r i ze  a ceramic within c e r t a i n  predetermined 
" s e l e c t i v i t y  l i m i t s "  (such a s  i s  poss ib le  wi th  a s i l i c o n  c r y s t a l  
of spec i f i ed  doping l i m i t  and o r i e n t a t i o n )  and thereby eva lua te  
i t s  s u i t a b i l i t y  f o r  a s p e c i f i c  app l i ca t ion .  Our present  i n a b i l i t y  
-9- 
t o  do th i s  w i t h  ceramic ma te r i a l s  i s  l a r g e l y  due t o  a l ack  of 
knowledge of the r e l a t i o n s h i p s  between t h e  inherent p rope r t i e s  of 
the mater ia l  and i t s  func t iona l  characterist ics.  
In  the second method the mechanistic proper ty  o r  prop- 
erties t h a t  a r e  most s u i t a b l e  f o r  cha rac t e r i z ing  a ceramic mate- 
r i a l  should be of f i r s t - o r d e r  importance; by th i s  w e  mean that  
they should be predominantly ( i f  not  e n t i r e l y )  a func t ion  of the 
p e r t i n e n t  mic ros t ruc tu ra l  and a tomis t i c  aspec ts  that  one wants t o  
cha rac t e r i ze  f o r  a p a r t i c u l a r  a p p l i c a t i o n  and should no t  be masked 
by o t h e r  e f f e c t s .  
def ine  and devise  property eva lua t ions  t o  c o r r e l a t e  the r e l a t i o n -  
sh ips  t h a t  can e f f e c t i v e l y  cha rac t e r i ze  a ceramic material. 
T h i s  i s  e s s e n t i a l  i f  w e  a r e  t o  sys temat ica l ly  
i 
i 
The i n t r a r e l a t i o n s h i p s  which ex is t  between c e r t a i n  s ig -  
n i f i c a n t  atomic and mic ros t ruc tu ra l  aspec ts  and " f i r s t -order"  
p rope r t i e s  i n  ceramic ma te r i a l s ,  and which m e r i t  f u r t h e r  investi-  
ga t ion ,  a r e  shown i n  Fig.  2. 
L e t  us cons ider  g r a i n  s i z e .  The c h a r a c t e r i z a t i o n  of 
g r a i n  s i z e  by t h e  d i r e c t  approach i s  what the d e f i n i t i o n  of the 
method implies--a d i r e c t  assessment of t he  g r a i n  s i z e .  This can  
be c a r r i e d  ou t  by microscopic techniques.  But no mat te r  how 
soph i s t i ca t ed  and r e f ined  a measuring technique may be, it cannot 
cha rac t e r i ze  the volumetr ic  o r  bulk e f f e c t s  of the g r a i n  s i z e .  
In  add i t ion ,  there a re  secondary e f f e c t s  of p o t e n t i a l  i n t e r f a c i a l  
b a r r i e r s ,  d i spersed  phases,  etc. ,  a l l  of which m u s t  be considered. 
Therefore ,  a d i r e c t  eva lua t ion  of the g r a i n  s i z e  has t o  be c a r r i e d  
ou t  a long w i t h  a n  a s s o c i a t i v e  approach. 
t i c  approach, i n  the case  of the g r a i n  s i z e ,  can  take  i n t o  con- 
s i d e r a t i o n  any one of the f i r s t - o r d e r  p rope r t i e s  shown i n  F ig .  2. 
This second o r  mechanis- 
I n t e r f a c i a l  b a r r i e r s ,  which a r e  respons ib le  f o r  a number 
of v a r i a t i o n s  i n  the e lec t r ica l  p rope r t i e s  of ceramics,  can a l s o  
be  charac te r ized  by a number of " f i r s t -o rde r ' '  p rope r t i e s ,  a s  
shown i n  F ig .  2.  Stoichiometry e f f e c t s  wi th  r e l a t e d  " f i r s t -order"  
p rope r t i e s  have a l s o  been shown i n  the same f igu re .  
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B. Charac te r iza t ion  of Barium Ti tana te  
Although th i s  s tudy i s  concerned w i t h  the charac te r iza-  
t i o n  of BaTi03 ceramics, i t  i s  p a r t  o f  a broader e f f o r t  t o  con- 
t r i b u t e  t o  the c los ing  of. the gap between the two centers of 
interest ,  ind ica ted  i n  Fig.  1: the f i e l d  of s i n g l e  c r y s t a l  i o n i c  
compounds., which i s  of h igh  s c i e n t i f i c  bu t  l imi t ed  technical 
interest ,  and the f i e l d  of po lyc rys t a l l i ne  s i n t e r e d  oxides ,  which 
seems t o  a t t r a c t  lesser s c i e n t i f i c  a t t e n t i o n  but  i s  of the h ighes t  
t echn ica l  interest .  
I n  the  case  of barium t i t a n a t e ,  the p rope r t i e s  of i n t e r -  
e s t  are d i e l e c t r i c  cons tan t ,  d i e l e c t r i c  l o s s ,  s a t u r a t i o n  polar iza-  
t i o n ,  coerc ive  f i e l d ,  conduct iv i ty ,  breakdown f i e l d ,  switching 
t i m e ,  p i e z o e l e c t r i c  coupling, Curie  temperature,  and the tempera- 
t u r e  c o e f f i c i e n t s  of these proper t ies .  
BaTiO ceramics c o n s i s t s ,  then, i n  f ind ing  the c o r r e l a t i o n s  be- 
tween these p rope r t i e s  and cer ta in  f ea tu res  of po lyc rys t a l l i ne  
ma te r i a l s  such a s  g r a i n  s i z e ,  poros i ty ,  impur i t ies ,  and i n t e r n a l  
stresses.  The i s s u e  has been f u r t h e r  complicated by the following 
experimental  observat ions : 
The t a s k  of cha rac t e r i z ing  
3 
1. BaTi03 ceramics of  comparable g r a i n  s i z e  and poros i ty ,  
impurity,  and stress-levels do n o t  necessa r i ly  have 
i d e n t i c a l  d i e l e c t r i c  proper t ies .  
2. P a r t i a l l y  as a consequence of (l), there i s  l i t t l e  
known about t he  change i n  d i e l e c t r i c  behavior of BaTi03 
ceramics w i t h  a change i n  the four  parameters,  g r a i n  
s i z e ,  poros i ty ,  impuri ty  conten t ,  and internal stress. 
Only a few empir ica l ly  e s t ab l i shed  t rends  are  known, 
and these do not  a l low p red ic t ion  of the p rope r t i e s  of 
BaTi03 ceramics w i t h  the degree of r e l i a b i l i t y  and pre- 
c i s i o n  needed f o r  microe lec t ronic  app l i ca t ions  of t h i s  
ma te r i a l .  
It i s  necessary,  t he re fo re ,  t o  depar t  from the conven- 
t i o n a l  way of cha rac t e r i z ing  po lyc rys t a l l i ne  BaTi03 i n  terms of 
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g r a i n  s i z e ,  po ros i ty ,  impurity l e v e l ,  and stress, and t o  study 
i n  d e t a i l  t h e  e f f e c t  of o t h e r  parameters. 
t r a t e d  i n  Fig.  3. 
This approach i s  i l l u s -  
The obvious e f f e c t  of g r a i n  s i z e  v a r i a t i o n  on t h e  d i -  
electric p rope r t i e s  of BaTi03 ceramics concerns t h e  corresponding 
change i n  the  amount of g r a i n  boundary phase present .  
o the r  e f f e c t  may a r i s e  from a dependence of t he  p rope r t i e s  of t he  
boundary phase on g r a i n  s i z e .  Such a dependence i s  t o  be expected 
f o r  a powder p a r t i c l e  small enough t h a t  i t s  sur face  f r e e  energy 
becomes an  apprec iab le  p a r t  of i t s  t o t a l  energy. Under these  
circumstances,  domain wa l l  formation and sur face  conduct ivi ty  
w i l l  be p a r t i c l e  s i z e  dependent. 
S t i l l  an- 
On t h e  o the r  hand, t h e  g r a i n  s i z e  e f f e c t  on t h e  d ie lec-  
t r i c  cons tan t  of s i n t e r e d  BaTi03 does not necessa r i ly  r e s u l t  from 
a n  i n t r i n s i c  property of t he  bulk gra ins .  F iner  p a r t i c l e s  usua l ly  
y i e l d  higher  d e n s i t i e s  i n  s i n t e r i n g .  Higher d e n s i t i e s ,  i n  t u rn ,  
may cause a l a r g e r  compressive s t r a i n  i n  the  ma te r i a l  upon cooling 
through the  cubic- te t ragonal  t ransformation temperature. 
i n v e s t i g a t o r s  have found a n  increas ing  amount of cubic phase i n  
s i n t e r e d  BaTi03 with decreasing g r a i n  s i z e .  
e l e c t r i c  constant  of s i n t e r e d  BaTiO wi th  decreasing g r a i n  s i z e  
could then be explained by t h e  increas ing  amount of cubic phase 
present - - tha t  i s ,  by the  increase  i n  i n t e r n a l  s t r a i n  r a t h e r  than 
I 
I 
Several  1 
1 The increase  i n  d i -  
3 
1 by a d i r e c t  g r a i n  s i z e  e f f e c t .  
A discuss ion  of t h e  e f f e c t s  of devia t ion  from stoichiom- i 
1 e t r y  on the  e l e c t r i c a l  p rope r t i e s  of barium t i t a n a t e  should d i s -  
t i n g u i s h  between s e v e r a l  types of nonstoichiometry which may 
a f f e c t  these  p rope r t i e s  i n  d i f f e r e n t  ways: chemical impur i t ies ,  
c a t i o n i c  doping, oxygen def ic iency ,  and T i 0 2  excess o r  def ic iency.  
The s i t u a t i o n  i s  complicated by t h e  f a c t  that the  concentrat ion 
of d i f f e r e n t  types of devia t ion  from stoichiometry i n  the  bulk 
of t h e  g r a i n  and along g r a i n  boundaries may vary i n  a d i f f e r e n t  
manner. 
considered t o  be independent of each o the r ,  and it  i s  sometimes 
Thus, g r a i n  s i z e  and stoichiometry e f f e c t s  cannot be 
I 
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d i f f i c u l t  t o  eva lua te  t h e  importance of s t u d i e s  of stoichiometry 
e f f e c t s  i f  they neglec t  information on g r a i n  s i z e s .  
I a 
1 
i 
i 
1 
t 
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I V .  , THEORETICAL ANALYSIS OF THE ELECTRONIC 
CHARACTERISTICS OF SURFACES AND GRAIN 
BOUNDARIES I N  BaTi03 CERAMICS 
A.  I n t roduc t ion  
I n  going from a s i n g l e - c r y s t a l  s t a t e  t o  a po lycrys ta l -  
l i n e  form, a number of i n t e r a c t i n g  f a c t o r s  a r e  involved. 
include micros t resses ,  i n t e r n a l  f i e l d s  due t o  uncompensated charges 
a t  t he  su r faces  and boundaries, and the  de fec t  boundary l aye r  
i t s e l f .  
have been s a t i s f a c t o r i l y  explained by cons idera t ion  of t he  i n t e r -  
a c t i o n  of t he  i n t e r n a l  f i e l d  and stress,:! t h e  r o l e  of sur faces  
i n  submicron s i zed  powders, and i n  p a r t i c u l a r  of g r a i n  boundaries 
i n  BaTi03, has not been thoroughly understood. 
and g r a i n  boundaries a r e  important i n  c o n t r o l l i n g  the  e l e c t r i c a l  
and mechanical p r o p e r t i e s  i n  ceramics i s  w e l l  recognized i n  o t h e r  
ma te r i a l  s y s t e m s ,  such a s  aluminum oxide and magnesium oxide. 
These 
While some of t he  anomalous p r o p e r t i e s  i n  BaTi03 ceramics 
That sur faces  
3 4 
The e l e c t r i c a l  c h a r a c t e r i s t i c s  of su r f aces ,  g r a i n  
boundaries,  and bulk m a t e r i a l  can be represented by a n  equivalent  
c i r c u i t .  I n  t h e  case of BaTi03, t h e  c i r c u i t  c o n s i s t s  of a capaci-  
tance and p a r a l l e l  r e s i s t a n c e  represent ing  each of t h e  components. 
I n  consider ing a s i n g l e  c r y s t a l  o r  a p a r t i c l e  we have 
t o  cons ider  t h e  p rope r t i e s  of t h e  sur face  l aye r  and t h e  bulk,  
Therefore,  a s imple  equivalent  c i r c u i t  would c o n s i s t  of a capaci-  
tance and p a r a l l e l  r e s i s t a n c e  represent ing  the  bulk of t he  p a r t i -  
c le  i n  series wi th  a capaci tance and p a r a l l e l  r e s i s t a n c e  repre-  
s en t ing  t h e  su r face  l a y e r .  A s  t h e  particles a r e  compacted and 
s i n t e r e d  i n t o  a ceramic ma te r i a l ,  t h e  "free" su r face  l aye r  of t h e  
p a r t i c l e s  i s  converted i n t o  the  boundary between the  gra ins .  
However, i t  would be erroneous t o  assume t h a t  t he  c h a r a c t e r i s t i c s  
of g r a i n  boundaries are identical  t o  those determined f o r  t he  
f r e e  sur face  l a y e r  on p a r t i c l e s  o r  s i n g l e  c r y s t a l s  of a mater ia l .  
The sur face  p r o p e r t i e s  of t h e  s i n t e r e d  ma te r i a l  should a l s o  be 
considered a s  a t h i r d  component i n  a n  equivalent  c i r c u i t  such a s :  
- 16- 
i 
_j 
where subsc r ip t s  "v," "by" and r r ~ l r  represent  the capaci tance (C) 
and r e s i s t a n c e  (R) of the g ra in ,  g r a i n  boundary, and the sur face  
of the ceramic, r e spec t ive ly ,  
Fu r the r ,  the sur face  c h a r a c t e r i s t i c s  i n  a s i n t e r e d  mate- 
r i a l  may only be s i g n i f i c a n t  under cer ta in  condi t ions  and may be 
predominated by the p rope r t i e s  of the g r a i n  boundaries.  
the micros t ruc ture  of the ma te r i a l  and, i n  p a r t i c u l a r ,  the prop- 
er t ies  of the powder o r  p a r t i c l e s  from which the s i n t e r e d  mate- 
r i a l  i s  prepared w i l l  in f luence  these f a c t o r s .  
Cer ta in ly ,  
It may be more 
appropr ia te  t o  represent  the equiva len t  c i r c u i t  of polycrys 
BaTi03 a s  follows: 
t a l l i n e  
Therefore ,  a meaningful cha rac t e r i za t ion  of BaTi03 
ceramics r equ i r e s  that  the p rope r t i e s  of the sur face  l a y e r  and 
grain-boundary phases be determined a s  a func t ion  of g r a i n  s i z e ,  
s to ich iometry ,  and any o the r  p e r t i n e n t  mic ros t ruc tu ra l  and atom- 
i s t i c  parameters.  A n  a t tempt  has been made t o  t h e o r e t i c a l l y  in- 
t e r p r e t  t h e  na ture  of the defec t  sur face  l a y e r  on BaTi03 p a r t i c l e s ,  
-17- 
and the possible dependence of the dielectric behavior of the 
grain-boundary phase on grain size and stoichiometry, in poly- 
crystalline BaTi03, in terms of the overall bulk properties. 
Such a theoretical approach is essential to the overall 
question of CharacterizatLon and complements the experimental 
- 18- 
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B. Surf ace Ba rr ier-La yer  Model 
For BaTi03 P a r t i c l e s  
The presence of su r face  l a y e r s  which a l t e r  the p rope r t i e s  
of BaTi03 f ine  p a r t i c l e s  have been pos tu la ted  by Kanzig, 536 
Chynoweth, and o t h e r  i nves t iga to r s .  E lec t ron  d i f f r a c t i o n  r e s u l t s  
of Kanzig and co-workers5 ind ica t ed  t h a t  t h e  devia t ions  from the 
normal f e r r o e l e c t r i c  behavior,  i n  very small BaTi03 p a r t i c l e s ,  
w e r e  mainly due t o  a d i f f e rence  between the bulk of the p a r t i c l e s  
and a su r face  l a y e r  of about LOO A thickness. It has been f u r t h e r  
pos tu la ted6  t h a t  t h i s  su r face  l a y e r  may be considered an " ionic  
Schottky exhaust ion layer." The presence of sur face  l aye r s  has 
a l s o  been c i t e d  t o  exp la in  t h e  thickness dependence of switching 
parameters and o the r  p y r o e l e c t r i c  effects  i n  BaTi03 s i n g l e  c r y s t a l s .  
However, these sur face  l a y e r s  on s i n g l e  c r y s t a l s  may w e l l  be of 
d i f f e r e n t  types.  
This s e c t i o n  descr ibes  a b a r r i e r - l a y e r  model f o r  t h e  
sur face  of BaTi03 p a r t i c l e s  , which mechanis t ica l ly  explains  the i r  
experimental d i e l e c t r i c  p rope r t i e s .  
proposed by us t o  exp la in  t h e  experimental evidence8 f o r  a high 
r e s i s t i v i t y  su r face  l a y e r  on BaTi03 p a r t i c l e s .  
schematical ly  shown i n  F ig .  4 .  A barium t i t a n a t e  p a r t i c l e  has 
very probably a l a y e r  of adsorbed oxygen around i t s  ou te r  sur face ,  
the s t r e n g t h  of t h e  oxygen bond depending on t h e  energy levels of 
t h e  a v a i l a b l e  s t a t e s .  Since t h e  oxygen atoms o r  molecules accept  
e l ec t rons  from t h e  p a r t i c l e  t o  form t h e  bond, they represent  a 
negat ive su r face  charge. 
l a y e r  i s  considered t o  be of the order  of 10-5cm, t y p i c a l  f o r  a 
Schottky-type b a r r i e r .  The electric f i e l d  across  t h e  deple t ion  
l a y e r  i s  on the order  of l o 5  V / c m ,  f o r  a n  assumed b a r r i e r  height  
of 1 e V .  This high e lectr ic  f i e l d  can  induce c a t i o n i c  migrat ion 
t o  t h e  sur face ,  e s p e c i a l l y  since t h e  t i t an ium ion  i s  q u i t e  mobile 
i n  the BaTi03 s t r u c t u r e .  
combine on the su r face  w i t h  oxygen, forming a n  extremely t h i n  
A model f o r  a high r e s i s t i v i t y  boundary l a y e r  has been 
This has  been 
The thickness of t h e  su r face  dep le t ion  
It i s  assumed t h a t  the t i t an ium would 
- 19- 
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l a y e r  of r'TiOx'r , undetec tab le  by x-ray techniques.  
i z a t i o n  of the adsorbed oxygen by the formation of a n  oxide of 
t i t an ium reduces the  negat ive sur face  charge and thus  the electric 
f i e l d .  
t o  a s t a n d s t i l l  a f t e r  a c e r t a i n  po r t ion  of movable ca t ions  have 
migrated t o  the sur face .  
The neut ra l -  
The f ie ld- induced c a t i o n i c  migrat ion t o  the sur face  comes 
The e s s e n t i a l  f e a t u r e  of the proposed model i s  t h a t  the 
c a t i o n  vacancies c rea t ed  by the process  of c a t i o n i c  migrat ion t o  
t h e  sur face  represent  acceptor  s t a t e s  which t r a p  e l ec t rons  from 
energy levels above the t r a p  s ta te .  The number of e l ec t rons  
a v a i l a b l e  f o r  conduction a re  d r a s t i c a l l y  reduced by th i s  means, 
and the r e s i s t i v i t y  of the deple t ion  l aye r  rises. 
Such a c a t i o n i c  d i f fus ion -ba r r i e r  model can a l s o  expla in  
the p a r t i c l e  s i z e  dependence of t he  d i e l e c t r i c  cons tan t  of unsin- 
t e r e d ,  pressed BaTi03. 
uns in te red  pressed barium t i t a n a t e  a s  a func t ion  of p a r t i c l e  s i z e  
has been experimental ly  determined,' and found t o  decrease con- 
t inuous ly  from a va lue  of about 360 t o  approximately 65 w i t h  de- 
c reas ing  p a r t i c l e  s i z e  (from 149 t o  l -5p) .  This behavior i s  
oppos i te  t o  that  of s i n t e r e d  BaTi03 where the d i e l e c t r i c  cons tan t  
The d i e l e c t r i c  cons tan t  ( a t  1 kHz) of 
increases  w i t h  decreasing g r a i n  s i z e ,  up t o  lp. 10,11  
The d i e l e c t r i c  cons tan t  of a barium t i t a n a t e  p a r t i c l e  
w i t h  a deple t ion  l a y e r  a s  descr ibed i n  F ig .  4, can  be expressed 
by the fol lowing r e l a t ionsh ip :  
2rrNt2 q2 
@ Nd 
E : =  
where E: = p e r m i t t i v i t y  
Nt = number of e l ec t rons  t rapped per  cm2 of sur face  
Nd = donor concent ra t ion  
@ = b a r r i e r  he ight  
q = e l e c t r o n i c  charge 
Now, w i t h  decreasing p a r t i c l e  s i z e ,  t h e  f r e e  energy of 
t h e  p a r t i c l e  increases  and the  bonding of adsorbed oxygen becomes 
-21- 
s t ronge r .  This implies  
decrease i n  height  from 
would accumulate i n  t h e  
that t h e  energy levels a t  t h e  sur face  
the  valence band and more negat ive charge 
su r face  l aye r .  The increased negat ive 
charge would enhance c a t i o n i c  d i f f u s i o n  t o  t h e  sur face  i n  a very  
narrow region,  a s  proposed i n  our  model. The r e s u l t i n g  e f f e c t  
would be an  increase  i n  the  donor concent ra t ion  (Nd) i n  the  space 
charge region,  perhaps by orders  of magnitude. A n  increase  i n  
Nd, assuming constancy of o the r  parameters i n  Eq. l w o u l d  decrease 
the  p e r m i t t i v i t y  ( E ) .  The b a r r i e r  l a y e r  model, t he re fo re ,  o f f e r s  
a model towards q u a l i t a t i v e l y  explaining the  experimentally observed 
dependency of t he  d i e l e c t r i c  cons tan t  on p a r t i c l e  s i z e  i n  unsin- 
tered,  pressed BaTi03. 
-22- 
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C. Two-Phase Model f o r  Grains 
and Boundaries i n  BaTi03 
The func t iona l  c h a r a c t e r i s t i c s  of ceramic materials a r e  
s t rong ly  inf luenced by the  p rope r t i e s  of g r a i n  boundaries,  
f o r e ,  i n  order  t o  c h a r a c t e r i z e  these  ma te r i a l s  f o r  e l e c t r o n i c  
a p p l i c a t i o n s ,  it i s  necessary t o  understand the  e l e c t r o n i c  behavior 
and s t r u c t u r e  of t he  grain-boundary region. 
There- 
A t h e o r e t i c a l  a n a l y s i s  on t h e  b a s i s  of a modified 
Bruggemann equat ion has been c a r r i e d  out  t o  show semiquant i ta t ive ly  
t h e  r e l a t i o n s h i p  between t h e  d i e l e c t r i c  cons tan ts  of the bulk and 
grain-boundary phases a s  a func t ion  of g r a i n  s i z e .  The d i e l ec -  
t r i c  cons tan t  of t he  g ra ins  was assumed t o  be cons tan t ,  while 
t h a t  of t h e  g r a i n  boundary changes from a high value f o r  l a r g e  
g ra ins  t o  a smaller  value f o r  small gra ins .  On the  b a s i s  of t h i s  
hypothesis ,  t he  e f f e c t i v e  d i e l e c t r i c  cons tan t  (Km) of a dense 
BaTi03 ceramic would then pass through a maximum, increas ing  f i r s t  
w i t h  decreasing gra in-s ize ,  bu t  then decreasing wi th  decreasing 
g ra in - s i ze  below a c e r t a i n  s i z e  (probably i n  the  submicron range).  
It should be pointed out  t h a t  t h i s  s impl i f i ed  model i s  
c e r t a i n l y  untenable i f  one considers  t he  a c t u a l  complexities and 
i n t e r a c t i o n s  between ad jacent  g ra ins .  The model, however, does 
p e r m i t  deductions on orders  of magnitude of such q u a n t i t i e s  a s  
t h e  d i e l e c t r i c  constant  of t he  boundary phase, h i t h e r t o  an  unknown 
quan t i ty .  However, t h e  s impl i f i ed  Bruggemann type approach does 
s a t i s f a c t o r i l y  exp la in  c e r t a i n  experimental data on the  e f f e c t  of 
g r a i n  s i z e  on the  d i e l e c t r i c  constant  of s i n t e r e d  BaTi03 ceramics. 
Experimental r e s u l t s  a r e  a v a i l a b l e  which indeed support 
t h i s  t h e o r e t i c a l  model. Table I summarizes the  experimental data  
obtained on u l t r a f ine -g ra ined  BaTi03, super-pressed a t  moderate 
temperatures a t  USAECOM. The r e s u l t s  i n d i c a t e  t h a t  t he  d i e l ec -  
t r i c  cons tan t ,  measured a t  10 Hz, reached a maximum value of 
about 5500 corresponding w i t h  a micros t ruc ture  i n  which t h e  average 
g r a i n  s i z e  was about lp. 
less  than li~. showed reduced dielectr ic  constant  values .  The 
3 
Specimens wi th  an  average g r a i n  s i z e  of 
i 
f -23- 
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Table I 
MEASURED DIELECTRIC CONSTANT VS G R A I N  S I Z E  
FOR BaTi03 CERAMIC12 
t 1 
Average Grain Size,  Measured Dielectric Constant 
u ( a t  1 kHz) 
3 
2 
1 
0 .7  
- 0 . 2  
3200 
4400 
5500 
3600 
2800 
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r e s u l t s  shown i n  Table I correspond t o  samples of near ly  i d e n t i c a l  I 3 
d ens i ty ,  c l o s e  t o  the  t h e o r e t i c a l  value. This i s  the  f i r s t  ex- 
perimental  confirmation of our hypothesis on t h e  r e l a t i o n s h i p  
between t h e  d i e l e c t r i c  cons tan ts  of t h e  bulk and the  g r a i n  boundary. 
On t h e  b a s i s  of these  experimental r e s u l t s ,  t h e  c h a r a c t e r i s t i c s  
of t h e  grain-boundary phase and i t s  e f f e c t s  on the  d i e l e c t r i c  
p rope r t i e s  of BaTi03 ceramics have been f u r t h e r  pursued. 
Quan t i t a t ive  c o r r e l a t i o n  between USAECOM's experimental 
data  and our r e s u l t s ,  ca l cu la t ed  from the  modified Bruggemann 
equat ion,  y e i l d s  a d e f i n i t e  t r end  l i n e .  Figure 5 shows the  change 
i n  t h e  e f f e c t i v e  dielectr ic  constant  (Km) of a BaTi03 ceramic 
mixture wi th  decreasing g r a i n  s i z e ,  a s  a func t ion  of t h e  param- 
eter "a." The parameter  "a" i s  the  r a t i o  of t he  dielectr ic  con- 
s t a n t s  of g r a i n  boundary (Kb) and t h e  bulk (Kv), 
duct ion of t he  parameter, a = Kb/Kv, t he  modified Bruggemann 
With the  i n t r o -  
I equat ion i s :  
[ ] [A] = [ l - Y ]  [A] 1 / 2  KV aKV l-a 
The volume f r a c t i o n  i n  Fig.  5 has been t r a n s l a t e d  i n t o  g r a i n  s i z e ,  
i assuming a g r a i n  l a y e r  thickness  of cm ( 0 . 1 ~ ) .  This assump- 
t i o n  and t h e  f u r t h e r  assumption t h a t  t he  thickness  of t he  boundary 
l a y e r  does not  depend on g r a i n  s i z e  appears reasonable on the  
b a s i s  of previous data i n  t h e  l i t e r a t u r e .  The value of d i e l e c t r i c  
constant  of t h e  bulk o r  t he  g ra in ,  Kv, i s  assumed t o  be 1000 and in -  
dependent of t he  g r a i n  s i z e .  The d i e l e c t r i c  p rope r t i e s  considered 
a r e  r ep resen ta t ive  of values  a t  f requencies  of around lo3 Hz. 
J 
1 
1 
By s u b s t i t u t i n g  the  values  of t h e  experimentally de te r -  
mined e f f e c t i v e  d i e l e c t r i c  cons tan ts  (K,) f o r  var ious g r a i n  s i z e s  
(see Table I) i n  Eq.  2 (modified Bruggemann equation) the  values 
of t h e  parameter "a'' have been determined. 
parameter "a" corresponding t o  t h e  measured d i e l e c t r i c  constant  
(Km) have been shown i n  F ig ,  5.  The resu l t s  ind ica t e  t h a t  t he  
value of "a" changes from about 39 t o  30 t o  1 6  t o  7 t o  2 . 8  f o r  
average g r a i n  s i z e s  corresponding t o  3, 2 ,  I, 0.7 and 0 . 2 ~ .  
The values of t he  
-25- 
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F i g .  5 - E F F E C T I V E  D I E L E C T R I C  CONSTANT O F  B a T i 0 3  
CERAMIC AS A FUNCTION OF GRAIN S I Z E  
WHERE: GRAIN LAYER THICKNESS = 0.111 = CONSTANT 
= a K  AND K = 1000 Kb V V 
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3 Since Kv = 10 , and a = 
dielectric cons tan ts  of t he  g r a i n  
g r a i n  s i z e .  The r e s u l t s  i n d i c a t e  
model has 
t h e  g r a i n  
Kb/Kv, w e  can c a l c u l a t e  t he  
boundary (Kb) a s  a func t ion  of 
t he  following: 
Average Grain S ize ,  Calc. Kb 
3 3.9 x 10 
2 3.0 x 10 
1 1.6  x 10 
0.7 ( 7.0 x 10 
0.2 2.8 x 10 
4 
4 
4 
3 
3 
I n  the  following paragraphs, a boundary b a r r i e r  l a y e r  
been proposed and c a l c u l a t i o n s  on the  conduction across  
boundary c a r r i e d  o u t ,  It, i s  shown t h a t  t h e  values  of 
t h e  grain-boundary d i e l e c t r i c  constant  (Kb) obtained from a com- 
b ina t ion  of USAECOM's experimental r e s u l t s  and our modified 
Bruggemann equat ion a r e  compatible wi th  t h e  ca l cu la t ed  Kb values 
from the  b a r r i e r  l a y e r  model. 
The shape of t he  p o t e n t i a l  b a r r i e r  around t;he g r a i n  
boundary i s  determined by t h e  na tu re  of t he  b a r r i e r  s t a t e s  connected 
wi th  the  g r a i n  boundary. 
boundary b a r r i e r  s t a t e s  i n  BaTi03 i s  not  known, it i s  poss ib le  t o  
hypothesize the  c h a r a c t e r i s t i c s  of t he  b a r r i e r  on t h e  b a s i s  of 
observed experimental data on BaTi03. 
Although the  exact  na tu re  of such grain-  
By formulating such a boundary model and applying the  
theory of cu r ren t  flow across  g r a i n  boundaries,  an  a n a l y s i s  of 
t h e  r e l a t i o n s h i p  between b a r r i e r  s t a t e s  and the  d i e l e c t r i c  prop- 
er t ies  of t h e  boundary has been c a r r i e d  out .  
The p o t e n t i a l  d i s t r i b u t i o n  i n  the  boundary region of a 
The p o l y c r y s t a l l i n e  ma te r i a l  such a s  BaTi03 i s  shown i n  F i g .  6 .  
g r a i n  boundary i s  x = 0, The b a r r i e r  height  ( a )  i s  measured from 
the  bottom of the  conduction band a t  t he  negatively-based s i d e  of 
t he  boundary. 
t o  x = +J2. 
i s  where the  hole  dens i ty  i s  equal  t o  the  donor concentrat ion,  Nd. 
The ex ten t  of t h e  b a r r i e r  region i s  from x = -A?l 
The region between x = -xl t o  sX2, i n  t he  b a r r i e r  
-27-  
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Fig. 6 - POTENTIAL DISTRIBUTION AT THE GRAIN BOUNDARY 
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The p o t e n t i a l  a t  t h i s  po in t  i s  ip', which i s  a l s o  measured from 
t h e  bottom of the  conduction band a t  t he  negatively-based s i d e  of 
t h e  boundary . 
Now the  capaci tance of t h e  g r a i n  boundary w i l l  depend 
on the  height  of t h e  p a t e n t i a l  b a r r i e r ,  i p ,  only i f  @ i s  smaller  
than the  value of @ '  = 2kT I n  (N / n . ) ,  i n  e V ,  where Nd i s  t h e  
number bf uncompensated donors p z r  :m3 i n  t h e  boundary region and 
ni i s  the  i n t r i n s i c  c a r r i e r  dens i ty .  
t i a l s  ( i . e , ,  9 > ip'), t he  g r a i n  boundary capaci tance i s ,  i n  good 
approximation, a func t ion  of t h e  bulk p rope r t i e s  only.  
For  higher  b a r r i e r  poten- 
The c h a r a c t e r i s t i c s  of t h e  proposed grain-boundary 
b a r r i e r  l a y e r  f o r  BaTi03 ceramics a r e  a s  follows: 
Barrier l a y e r  thickness ,  d = 2 x 
Uncompensated donor concent ra t ion ,  Nd = 10 1 7  /cm 3 
Trapped negat ive charges a t  t he  boundary i n t e r f a c e ,  
c m  
I n t r i n s i c  c a r r i e r  dens i ty ,  ni = 4 x 10 -1 /cm 3 . 
Nt = 10 13 /cm 2 (The value of Nt i s  dependent on t h e  
g r a i n  diameter, e s p e c i a l l y  i n  t h e  micron-submicron range .) 
B a r r i e r  he ight ,  ip = 1 e V  
For < = 2 x l o m 5  cm,  
E l e c t r i c a l  f i e l d  across  b a r r i e r  l a y e r ,  F l  M 10 5 V/cm 
V = 2 v o l t s  
On the  b a s i s  of t he  above model, a t  T = 298°K the  value 
of m' = 2kT I n  (Nd/ni) i s  equal  t o  2 .11  e V .  
@ < @', and the  d i e l e c t r i c  p rope r t i e s  of t he  g r a i n  boundary w i l l  
be d i f f e r e n t  from t h a t  of t he  bulk. This f u r t h e r  supports t he  
e a r l i e r  hypothesis,  t h a t  t h e  d i e l e c t r i c  cons tan t  of t he  g r a i n  
boundary i s  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  of t he  g r a i n  i n  
BaTi03 ceramics. 
bu t ion  i n  the  conduction band (Fig. 6)  tends t o  have two maxima 
i n  t he  b a r r i e r  region. 
Since + = 1 ev, 
Also,  a s  ip' > CP, t he  e l e c t r o n  p o t e n t i a l  d i s t r i -  
I n  consider ing the  conduction mechanism across  g r a i n  
boundaries of undoped barium t i t a n a t e  ceramics, which can be con- 
s ide red  a s  n-type ma te r i a l s ,  a semiconductor approach has been 
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1 taken. 
p r imar i ly  r e l a t e d  t o  the  t rapping  of carriers ( i n  t h i s  case, 
e l e c t r o n s ) .  This i s  v a l i d  i n  view of t he  high degree of d i sorder  
t h a t  p r e v a i l s  i n  t h e  boundary region. For ins tance ,  t he  grain-  
boundary region can be descr ibed by an a r r a y  of d i s loca t ions ,  
which have been shown t o  t r a p  e l e c t r o n s  i n  o the r  materials. The 
short-range order  i n  t h e  g r a i n  boundary, as compared t o  the  c r y s t a l -  
l i n i t y  i n  the  region of t he  g ra ins ,  can a l s o  be respons ib le  f o r  
t rapping  the  c a r r i e r s .  
The r o l e  of t h e  g r a i n  boundary has been considered t o  be 
I f  t he  number of e l ec t rons  trapped per cm2 of t he  grain-  
boundary sur face  i s  N t ,  t h e  b a r r i e r  height  i s  @, Nd i s  the  donor 
concent ra t ion ,  and q r ep resen t s  t he  e l e c t r o n i c  charge,  t he  d i e l ec -  
t r i c  constant  of the  boundary region (Kb) can be given by: 
2 2  2nN+ q - L -  - 
Kb @Nd (8.68 x 
On t h e  b a s i s  of our proposed boundary b a r r i e r  l aye r  model: 
13 2 N t  = 10 / c m  
(3 )  
Q 
Nd = 10 1 7  /em 3 
= 1 eV = 1 .6  x 10 -I9 j o u l e s  
2 r ( (1~13)2  (1.6 io- 19)2 - 
Kb (1.6 x 10-19)(101’)(S.86 x 
This value of t h e  d i e l e c t r i c  constant  of t h e  g r a i n  boundary phase 
4 
1 i s  i n  c l o s e  approximation t o  t he  ca l cu la t ed  value of 1.6 x 10 
(from the  Bruggemann equation) f o r  an average g r a i n  s i z e  of 1 ~ .  
The decrease i n  the  d i e l e c t r i c  constant  of t h e  grain-  
boundary phase with decreasing g ra in  s i z e ,  e s p e c i a l l y  i n  the  sub- 
micron range, could be due t o  a decrease i n  t h e  number of trapped 
e l e c t r o n s  p e r  cm2 of t he  boundary sur face .  
t he  g r a i n  s i z e  decreases t o  say 0 . 2 ~ ,  t he  number of trapped e l ec t rons  
I f  we assume t h a t  when 
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f 
2 p e r  c m  
Kb = 2.8 x 10 . 
cu la t ed  from our earlier Bruggemann equation, using t h e  experi-  
mental da t a  obtained a t  USAECOM f o r  BaTi03 g ra ins  of 0.211. 
mechanism respons ib le  f o r  decrease i n  the  g r a i n  boundary d i e l e c t r i c  
cons tan t  with g r a i n  s i z e s  below lp, i n  t he  frequency range con- 
s idered .  A number of mechanisms, a l l  somewhat specu la t ive  a t  t h i s  
s t age ,  could be considered. The r o l e  of d i s l o c a t i o n s  a t  g ra in  
boundaries and t h e i r  i n t e r a c t i o n  with f r e e  carriers i s  one possi-  
b i l i t y .  A b e t t e r  understanding of t he  a tomis t i c  na tu re  of t he  
g r a i n  boundary i s  needed. 
imply? 
i n  Section IV-D. 
(Nt) i s  reduced t o  5 x Eq. 3 g ives  a value of 
3 This va lue  i s  i d e n t i c a l  t o  t h e  value of Kb c a l -  
However, i t  i s  no t  poss ib l e  as ye t  t o  def ine  t h e  p r e c i s e  
What does an i n t e r f a c e  between g ra ins  
Some of t hese  unknowns w i l l  be considered i n  g r e a t e r  depth 
The exact  values f o r  t h e  grain-boundary d i e l e c t r i c  con- 
s t a n t ,  as obtained by our c a l c u l a t i o n s ,  do not  n e c e s s a r i l y  imply 
t h a t  a l l  BaTi03 ceramics have boundaries with i d e n t i c a l  Kb values.  
The atmosphere during prepara t ion ,  t h e  degree of stoichiometry i n  
the  material, and t h e  presence of o the r  t i t a n a t e s  could c e r t a i n l y  
a l te r  t h e  values of + and Nd i n  Eq .  3. 
value of Kb. However, t he  o v e r a l l  r e l a t i o n s h i p  between Kv and Kb 
would remain e s s e n t i a l l y  una l te red .  
BaTi03 would have a d i e l e c t r i c  constant  t h a t  i s  g r a i n  s i z e  dependent 
and changes from a high value f o r  l a r g e  g ra ins  t o  a smaller value 
wi th  decreasing g r a i n  s i z e  i n  the  audiofrequency range, 
e s p e c i a l l y  t r u e  f o r  g r a i n  s i z e s  from 5~ down t o  the  submicron range. 
This would then change t h e  
The grain-boundary phase i n  
This i s  
A simple equiva len t  c i r c u i t ,  f o r  BaTi03 ceramics on the  
b a s i s  of t he  above c a l c u l a t i o n s  and r e s u l t s  would be: 
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where 
= 10 3 ( f o r  a l l  g r a i n  s i z e s )  
= 3 . 0  x 10 4 (g ra in  s i ze  = 211) 
= 1 . 6  x 10 4 (gra in  s i z e  = 111) 
= 7.0 x 10 3 (g ra in  s i z e  = 0 . 7 ~ )  
= 2.8 x 10 3 (g ra in  s i z e  = 0 . 2 ~ )  
4 KV Kb = 3 . 9  x 10 (gra in  s i z e  = 311) 
p v  % 10 9 ohm-cm 
i s  probably > p v  Pb 
The ca l cu la t ions  shown above must be considered wi th in  
t h e  l i m i t s  of t h e  assumptions i n  the  p o t e n t i a l  d i s t r i b u t i o n  a t  
t h e  boundary. However, they do i n d i c a t e  t h a t  t h e  two-phase mix- 
t u r e  model provides a use fu l  approach i n  cha rac t e r i z ing  the  d i -  
e lectr ic  p rope r t i e s  of t he  g r a i n  (or  bulk) and grain-boundary 
regions.  
-32- 
.1 4 
"'B 
I &  f 
i 
....,I 
D .  The Elec t ronic  "Character" of Grain Boundaries 
I n  studying the  r o l e  of g r a i n  boundaries i n  the  elec- 
t r o n i c  p rope r t i e s  of BaTi03 ceramics, w e  should attempt t o  rec- 
ognize those s a l i e n t  f e a t u r e s  of a boundary region which could 
s i g n i f i c a n t l y  a l te r  o r  a f f e c t  t he  e l e c t r o n i c  processes i n  the  
ma te r i a l  .. 
The g r a i n  boundary (g.b.)  region i n  ceramic materials can 
be considered i n  a number of d i f f e r e n t  ways. 
have o f t en  been r e f e r r e d  t o  as "amorphous" i n  na ture .  A b e t t e r  
way of c h a r a c t e r i z a t i o n  would be by def in ing  t h e  g.b.  region as 
having "short-range order" o r  a high degree of d i so rde r .  
Grain boundaries 
The grain-boundary region c o n s i s t s  of an a r r a y  of d i s -  
l oca t ions .  I n  add i t ion ,  i n  p re sen t ly  a v a i l a b l e  p o l y c r y s t a l l i n e  
ma te r i a l s ,  t he  impur i t i e s ,  vacancies, and adsorbed gases f u r t h e r  
c o n t r i b u t e  t o  t h e  imperfections of t he  g ra in  boundaries. Dis lo-  
c a t i o n s  can have pronounced e f f e c t s  on the  e l e c t r i c a l  p rope r t i e s  
of e l e c t r o n i c  m a t e r i a l s .  Associated wi th  d i s l o c a t i o n s  a r e  energy 
s ta tes  ly ing  i n  the  energy gap. The major i ty  of t he  work on the  
e l e c t r i c a l  e f f e c t s  of d i s loca t ions  has been done on semiconductor 
ma te r i a l s  such a s  Ge, S i ,  and InSb. 
and Pearson e t  a l l 4  on l i g h t l y  deformed Ge show t h a t  t he  d is loca-  
t i o n  energy l e v e l s  a r e  acceptor types;  t h a t  i s ,  t h e  in t roduct ion  
of d i s l o c a t i o n s  r e s u l t s  i n  a decrease i n  the  number of conduction 
e l ec t rons .  The d i s l o c a t i o n s  a l so  s c a t t e r  e l e c t r o n s  and so reduce 
the  mobi l i ty .  Another e f f e c t  a s soc ia t ed  with d i s loca t ions  i n  G e  
and S i  i s  the  formation of an atmosphere of impurity atoms along 
t h e  d i s l o c a t i o n  l i n e .  T h i s  f u r t h e r  enhances the  recombination by 
providing loca l i zed  impuri ty  t rapping l e v e l s ,  
The observat ions of Gallagher 13 
Although the  major i ty  of t he  t h e o r e t i c a l  and experimental 
work pe r t a in ing  t o  the  e l e c t r i c a l  p r o p e r t i e s  of d i s l o c a t i o n s  has 
been on broad-band semiconductor materials, some evidence i s  a v a i l -  
a b l e  on the  e f f e c t s  of d i s l o c a t i o n s  on oxide-type ma te r i a l s .  
Chang'' has observed t h a t  during " t r ans i en t "  creep of A1203 ,  t he  
e l e c t r i c a l  r e s i s t i v i t y  decreases .  This has been a t t r i b u t e d  t o  the  
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c r e a t i o n  of new d i s l o c a t i o n s  ca r ry ing  charges opposi te  i n  s ign  
t o  t h a t  of t h e  f r e e  c a r r i e r s  i n  t h e  bulk of t he  material. The 
observed inc rease  i n  e l e c t r i c a l  r e s i s t i v i t y  during "steady state" 
creep has been a t t r i b u t e d  t o  the  c r e a t i o n  of c a r r i e r - t r a p p i n g  poin t  
de fec t s  i n  the  wake of moving d i s loca t ions .  
d a t a  on p o l y c r y s t a l l i n e  A1203 i n  our own l abora tor ies16  a l s o  
i n d i c a t e s  t h a t  charged d i s l o c a t i o n s  a t  g r a i n  boundaries can act  
as t r a p s  f o r  e l e c t r o n s .  
Recent experimental 
Therefore, i t  i s  most probable t h a t  i n  BaTi03 ceramics 
t h e  presence of an array of d i s loca t ions  i n  the  g.b. region a c t s  
as a b a r r i e r  t o  e l e c t r o n i c  t r a n s p o r t .  The d i s l o c a t i o n  i n t e r a c t i o n  
of t he  g.b.  region would be f u r t h e r  dependent on the  s i z e  of t h e  
adjoining g ra ins ,  and would the re fo re  exe r t  a d i f f e r e n t  "trapping" 
e f f e c t  f o r  l a r g e  and s m a l l  g r a in - s i zes .  
A t t e m p t s  t o  explain the  g ra in - s i ze  dependence of t he  
d i e l e c t r i c  p rope r t i e s  of BaTi03 ,  due t o  t he  active i n t e r a c t i o n  of 
stress f i e l d s  between the  gra ins- -as  done by Buessem, Cross,  and 
Goswami2--can be t r a n s l a t e d  i n  terms of t h e  electrical  e f f e c t s  
of t he  d i s l o c a t i o n s  generated by these  stresses. Therefore, con- 
s i d e r a t i o n  of t he  e l e c t r o n i c  p rope r t i e s  of BaTi03 ceramics due t o  
the  i n t e r a c t i o n  of d i s l o c a t i o n s  with e l e c t r o n i c  t r anspor t  processes 
does not  preclude the  stress i n t e r a c t i o n  e f f e c t s .  In f a c t ,  it 
extends the  "defect l aye r "  concepts previously appl ied t o  o the r  
e l e c t r o n i c  ceramic ma te r i a l s .  While the  a c t i v e  i n t e r a c t i o n - s t r e s s  
approach has been successfu l  i n  explaining the  increase  i n  the  
d i e l e c t r i c  cons tan t  with decreasing g ra in  s i z e s  (down t o  lp), it 
cannot expla in  the  recent  r e s u l t s  of Brandmayr e t  a l l 7  t h a t  with 
a f u r t h e r  decrease i n  g ra in  s i z e  (below lu), t he  d i e l e c t r i c  con- 
s t a n t  begins f a l l i n g  of f  again.  T h i s  i s  not  explainable  from the  
s tandpoint  of Buessem, Cross, and Goswami's phenomenological 
theory2 and t h e i r  eva lua t ion  t h a t  t he  c r i t i c a l  diameter of 90" 
domains i s  l u ,  because i n  t h a t  case the  stresses i n  a s i n g l e  
domain p a r t i c l e  should not  depend on i t s  absolu te  s i z e .  
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However, by consider ing the  r o l e  of t h e  g ra in  boundary 
i n  terms of e l e c t r i c a l  ( r a t h e r  than mechanical) i n t e r a c t i o n  of 
d i s l o c a t i o n s  (and o the r  de fec t s )  with the  carriers, it may be 
poss ib l e  t o  explain t h e  dependency of t h e  d i e l e c t r i c  p rope r t i e s  
on g r a i n  s i z e  i n  a more.coherent way. 
. I n  add i t ion  t o  d i s l o c a t i o n s  i n  t h e  g.b. region of 
BaTi03 ceramics, impurity ions ,  vacancies and adsorbed gases can 
a l l  i n t e r a c t  and c o n t r i b u t e  towards t h e  c r e a t i o n  and i n t e r a c t i o n  
of charge c a r r i e r s  i n  the  ma te r i a l .  All t hese  imperfections must 
be considered as traps a t  g ra in  boundaries, forming p o t e n t i a l  
process ,  have t o  tunnel .  
‘ 1  b a r r i e r s  through which e l e c t r o n s ,  taking p a r t  i n  t he  conduction 
1 
i It i s  not  ye t  c l e a r  how t h e  g.b. region acquires  e lec-  
1 
1 
t r i c a l  c h a r a c t e r i s t i c s  d i f f e r e n t  from t h a t  of t he  bulk o r  t h e  
i e l e c t r o n  t r anspor t  between adjacent  g ra ins .  However, s eve ra l  
i 1 mechanism whereby i t  i s  respons ib le  f o r  c r e a t i n g  b a r r i e r s  f o r  
1 
p o s s i b i l i t i e s  do e x i s t .  
I 
I For ins tance ,  i f  d i s loca t ions  accept e l e c t r o n s ,  t he  
g.b. charges up negat ive ly  and presents  a b a r r i e r  t o  cu r ren t  flow 
i n  n-type m a t e r i a l s ;  i f  they donate e l e c t r o n s ,  t he  g.b.  charges 
up p o s i t i v e l y  and presents  a b a r r i e r  t o  cu r ren t  flow i n  p - type  
materials. E l e c t r i c a l  conduct iv i ty  measurements by Rupprecht 
e t  a l l 8  on s i n g l e - c r y s t a l  SrTi03 unambiguously i n d i c a t e  t h a t  t h i s  
ma te r i a l  i s  an n-type semiconductor, with a mobi l i ty  of t he  order  
of 10 em volt-’ sec Resul ts  by Heywang’’ on BaTi03 a l s o  tend 
t o  i n d i c a t e  t h a t  BaTi03, l i k e  SrTi03, i s  an n-type material. 
Therefore,  i n  BaTi03 ceramics, t he  array of d i s l o c a t i o n s  i n  the  
g.b.  region would present  a b a r r i e r  t o  cu r ren t  flow, and the  g.b.  
would have a higher  r e s i s t i v i t y  than the  bulk. 
2 - 
The deple t ion  of oxygen vacancies from the  g.b.  region 
under an e l e c t r i c a l  f i e l d  could a l s o  lead t o  a h i g h - r e s i s t i v i t y  
reg ion .  
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I 
Deviations from stoichiometry i n  BaTiO f u r t h e r  com- 3 
p l ica te  the  s i t u a t i o n .  I f  t he  devia t ion  from stoichiometry,  f o r  
ins tance ,  r e s u l t e d  i n  more anion (oxygen) vacancies r a t h e r  than 
c a t i o n  vacancies and i f  d i s l o c a t i o n s  a r e  regarded as a source of 
vacancies,  then they  would acquire ,  i n  equilibrium, more nega t ive ly  
charged jogs  than p o s i t i v e .  The d i s l o c a t i o n  l i n e  would then 
become negat ive  with r e spec t  t o  the  bulk and would be surrounded 
by a p o s i t i v e  space charge of anion vacancies. 
The negat ive  charge of a g.b. can come from the  donors 
i n  BaTi03, whose e l ec t rons  a r e  captured by boundary s t a t e s .  
r e s u l t ,  g ra in  boundary charges leave ionized donors behind. 
It should be remembered t h a t  oxygen vacancies,  along 
with Ti+3 groups, can be formed e a s i l y  during the  high-temperature 
prepara t ion  of BaTi03 ceramics,  
bound t o  the  Ti+3 groups and cannot p a r t i c i p a t e  i n  any low- 
temperature conduction process.  However, they can experience a 
torque which leads t o  a d i r e c t  d i e l e c t r i c  po la r i za t ion  and a 
d i r e c t  d i e l e c t r i c  absorpt ion c u r r e n t .  
A s  a 
The oxygen vacancies a r e  c l o s e l y  
Although i t  i s  not  poss ib le  a t  t h i s  time t o  def ine  the  
predominant mechanism t h a t  cha rac t e r i zes  the  grain-boundary region,  
i t  seems c e r t a i n  t h a t  t h i s  region i s  e l e c t r o n i c a l l y  d i f f e r e n t  from 
the  adjoining g ra ins .  
i n t e r a c t s  wi th  the  bulk charge t r anspor t  processes would depend 
on the  dimensions of t he  adjoining g ra ins .  The thickness  of  t he  
g.b. region may be of t he  order  of 0 . 1  t o  l.Op, t y p i c a l  f o r  a 
Schottky-type b a r r i e r  o r  space-charge dominated region.  For 
BaTi03 ceramics, with g ra in  s i z e  l e s s  than 111, t he  e f f e c t i v e  
p rope r t i e s  would then be s i g n i f i c a n t l y  a l t e r e d  by t h e  cha rac t e r i s -  
t i c s  of t h e  g.b. region,  and would be d i f f e r e n t  from those of 
comparatively l a r g e r  g ra in  s i z e s  ( 2 1 ~ ) .  Undoubtedly, much remains 
t o  be done t o  unambiguously c h a r a c t e r i z e  t h e  p rope r t i e s  of t he  
g.b.  region.  
The manner i n  which t h i s  de fec t  region 
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I n  consider ing e l e c t r o n i c  processes i n  a low-conductivity 
Charge 
material such as barium t i t a n a t e ,  w e  are cognizant of t h e  fact  
t h a t  conventional band theory cannot be r igo rous ly  appl ied.  
t r anspor t  i n  ma te r i a l s  having m o b i l i t i e s  of t h e  order  of less 
than 1 c m  
t r o n  (or  polaron) hopping between loca l i zed  s i tes .  
tu re ,  t h e  polaron tunnels  through t h e  c r y s t a l  i n  a narrow band, 
t h e  bandwidth and mobi l i ty  decreasing r a p i d l y  wi th  increas ing  
temperature,  u n t i l  t he  mean f r e e  pa th  becomes equal t o  the  l a t t i ce  
spacings.  The band model, then, i s  n o t  appl icable ,  and t h e  polaron 
jumps randomly from ion  t o  i o n  by means of a phonon-activated 
2 volt- '  sec-l have been described i n  terms of an elec- 
A t  low tempera- 
process.  
To da te ,  however, few aspects  of t h i s  theory have been 
experimentally t e s t e d .  A t  p resent ,  t h e  only unequivocal example 
of hopping t r anspor t  i n  a c r y s t a l l i n e  s o l i d  i s  provided by ortho- 
rhombic s u l f u r .  
t h e  hopping model f o r  N i O  and o ther  3d oxides,  and r a i s e s  doubts 
on i t s  v a l i d i t y  f o r  o t h e r  materials such as f e r r i t e s ,  t i t a n a t e s ,  
e tc .  It i s  not  c e r t a i n  a s  y e t  which t y p e  of narrow band model 
i s  appropr ia te .  The presence of g ra in  boundaries i n  s i n t e r e d  
ceramic ma te r i a l s  such as BaTi03 could produce misleading e f f e c t s  
i n  i n t e r p r e t i n g  the  conduction process i n  t e r m s  of a poss ib le  
hopping model. The in t roduct ion  of d i sorder ,  e s p e c i a l l y  i n  the  
boundary regions,  leads t o  loca l i zed  s ta tes .  The low mobi l i t i e s  
observed i n  some oxides may be due t o  shallow trapping. It  i s  
poss ib l e  t h a t  d i so rde r  can introduce " ta i ls"  on the  energy s t a t e s  
which extend i n t o  t h e  forbidden gap and corresponds t o  loca l ized  
s ta tes ,  Thus, hopping conduction could predominate a t  low temp- 
e r a t u r e s  (T < 298"K), and some kind of band conduction a t  higher 
temperatures.  
Recent resu l t s"  have led  t o  t h e  r e j e c t i o n  of 
Furthermore, i n  mixed oxide materials such a s  BaTi03 ,  
devia t ions  from stoichiometry,  vacancies and o ther  de fec t s  r e s u l t  
i n  add i t iona l  energy l e v e l s  i n  t h e  band gap. This f u r t h e r  com- 
p l i c a t e s  t h e  band s t r u c t u r e ,  and narrow bands may e x i s t  i n  addi- 
t i o n  t o  t h e  valence bands, T h i s  r e s u l t s  i n  lower a c t i v a t i o n  
-37- 
energies for conduction than in single oxides ( A 1 2 0 3 ) ,  
the excitation energy is less than the full gap width, 
because 
and the 
narrow band limits the charge density thus reducing the mobility. 
Undoubtedly, in working with materials such as A1203  
but less so with Ti02 and BaTi03, the limits of the band model 
are approached. However, it should be pointed out that in spite 
of a partial breakdown of band theory in insulating materials, 
band theory has proved remarkably successful in explaining a 
wide range of electronic properties of ceramic oxides. 
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v. EXPERIMENTAL WORK 
A .  Introduction 
The experimental work described in this section encom- 
passes the following interrelated areas : 
defect surface layers, especially in micron and submicron sized 
BaTi03 powders; the role of grain boundaries in the electronic 
behavior of sintered BaTi03 ceramics as a function of grain size 
and stoichiometry; and exploratory work on a new electron beam 
scanning technique to directly evaluate the dielectric charac- 
teristics of boundaries and interfaces. 
the characterization or  
I 
B. Characterization of Starting Materials 
In obtaining BaTi03 powders from various sources, major 
emphasis was placed on the stoichiometry and purity levels of the 
material. A number of the materials used in this program are in 
the developmental stage and not necessarily available commercially. 
Although the purity level of these powders is not similar to what 
has been achieved with elemental semiconductor materials, such as 
silicon, it is an order of magnitude superior to what is used for 
commercial BaTi03 capacitors. 
obtain sample powders of higher and better purity, The fact that 
the extent of purity has been "finger-printed" for all our start- 
ing materials enables us to determine the possible effects of 
various impurities. 
Efforts are being continued to 
As pointed out in the preceding discussions, stoichiometry 
is an important factor in BaTi03 ceramics. The ratio of BaO/Ti02 
and the presence of other titanates of barium, must also be taken 
into consideration. To this extent, we have been able to obtain 
BaTi03 powders of exact stoichiometry. 
Therefore, although the concept of "ultra high purity" 
as defined for silicon has not yet been achieved for BaTi03, the 
very significant improvements in the purity and stoichiometry of 
the BaTi03 material to be investigated on this program justifies 
their use and makes the interpretation meaningful. 
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The barium titanate powders used in this investigation 
were obtained from the National Lead Co. Tables I1 and I11 list 
data on these powders, provided by the manufacturers. Material 
"C" is a high purity BaTi03, prepared by the Titanium Pigment 
Division. 
from the TAM Division. 
has had a low thermal treatment (7OOOC). Material "HI1 is an 
experimental stoichiometric powder which has a BaO/Ti02 ratio 
corresponding to unity. Material "GI' is TAM BaTi03 capacitor 
grade material and was included for comparison purposes, only. 
The BaTi03 powders shown in Table I11 were obtained 
Material "F" is TAM 6. P. BaTi03 which 
The particle size distribution of material "C" has been 
determined by a Kaye Centrifugal Disc Photosedimentometer developed 
at IITRI. In this process, powder suspensions are passed through 
the photosedimentometer in which the attenuation of light passing 
through the settling particles is measured and recorded on a 
strip chart, 
final analysis. Figure 7 shows the particle size distribution 
for this material. This distribution at 0.511 intervals is shown 
in Fig. 8. 
The chart data are programmed into a computer for 
Figures 9 and 10 show scanning electron micrographs of 
BaTi03 powders "C" and "H" which were used in the dielectric 
characterization of surface defects in particulate systems des- 
cribed in following sections. 
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I 
<0.001% cu <o * 0001% 
0.0005% Pb ~ 0 . 0 0 0 1 %  
<O. 005% Mn <o .00001% 
Sn02 <O .0005% C r  <O .00005% 
Fe203 
A1203 
I Sb203 
~ 
Table I1 
ANALYSIS OF BaTi03 POWDER "C" 
(Provided by National Lead Co., Titanium Pigment Division) 
Chemical Analysis 
BaO 65.9 w t %  
T i 0 2  34.5 w t %  
Spectrographic Analysis 
Si02 0.0008% Mg <0.0001% 
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Table 111 
, -  * I  
! 
CHEMICAL ANALYSES OF BaTiO POWDERS "FY1' l lH , l '  AND "G" 
(Provided by National lead Co. TAM Division) 
I t 
BaTi03  "F" BaTi03 "H" BaTi03 "G" 1 I 
I t I Chemical 
BaO + SrO 64.81 w t %  65.79 w t %  64.70 w t %  
T i 0 2  34.00 34.21 33.60 
0.37 
- - -  0 .21  
A1203 
0.27 SiOZ 
- - -  --- 0.06 '2'5 
0.90 0.05 0.86 
--- - - -  
--- 
--- - - -  s03 
c02 
I I Spectrographic 
SrO 
Z r 0 2  
Fe203 
A1203 
S i 0 2  
MgO 
C a O  
Na20 
P a r t i c l e  Size 
0.02 
0 .01  
--- 
0.005 
0.02 
--- 
0.01 
0.49 
0.03 
0.005 
--- 
--- 
0.03 
0.10 
0.10 
I Fisher  No. 0.55 1.10 1.52 1 
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t 
Fig. 9 - SCANNING ELECTRON MICROGRAPH 
OF B a T i 0 3  POWDER "C" (X6000) 
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Fig. 10 - SCANNING ELECTRON MICROGRAPH 
OF BaTiOg POWDER "H" (XlOOOO) 
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C. Preparation of Samples 
The steps in preparation of the samples were as follows: 
Addition of organic binder to the as-recieved powder. 
The binder chosen was 1.5% cellulose acetate plus 6% 
dibutyl phthalate in acetone 
Cold pressing of discs--5.4 cm (2 1/8 in.) diameter by 
1-3 mm thick--in steel dies at 10,000 psi. 
Burning out of the organic binder--65O0C for about 1/2 hr. 
heating rate was -250°C/hr. 
was air with oxygen fed in at a low rate. 
e) Application of electrodes: a number of different elec- 
trode materials, such as gold, platinum, and silver, 
applied by vapor deposition and in the form of a paint, 
have been used. 
a) 
b) 
c) 
d) Sintering of the samples at various temperatures. The 
The sintering atmosphere 
Cold-compaction characteristics of the selected starting 
materials have been determined and discussed in an eerlier IITRI 
report. An evaluation of the optimum compaction and firing pro- 
cedures was obtained and applied to the test specimens chosen for 
this investigation. 
1 
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D. Characterization of Surface Defects 
in BaTiO, Powders 
J 
1. Introduction 
The characteristics of the surface defect layer of 
powders play a significant role in determining the properties of 
the sintered ceramic. Surface phenomena strongly affect particle 
size distribution and shape, its rheology in the forming opera- 
tions, degasification during green body compaction, and finally 
the sintering mechanism itself. A l l  these factors are interrela- 
ted to the microstructure of the final ceramic, and hence affect 
its properties. With micron and submicron sized powders, because 
of the increased surface-to-volume ratio, the effects due to 
adsorbed gases and surface charges can alter the electronic behavior 
of the fired ceramic. 
Generally speaking, the surface of a solid material is 
in an unusual crystallographic state due to valence requirements. 
In nonreducible oxides such as Si02 and A1203, the requirements 
of lowest energy lead to a surface ordinarily consisting of oxide 
ions rather than less polarizable metal ions. Further, to satisfy 
chemical valences, many of the dibalent surface oxide ions have 
univalent hydrogen attached to them. 
Water vapor plays a significant role in determining 
The interaction of H20 surface phenomena of ceramic powders. 
with oxide surfaces depends to some extent on the nature of the 
chemical bonding of the material. For instance, with silica and 
alumina the valence of the cation and the lattice structure of 
the oxide suggest the possibility of surface hydroxyl groups, 
for satisfying the valence requirements at the surface. 
case of a ceramic material with an ionic lattice, such as MgO, 
the above-mentioned condition does not arise. This results in 
the adsorbed water being in the form of hydroxyl ions rather 
than uncharged hydroxyl groups which form covalent bonds with 
the lattice. 
In the 
Recent work done by Anderson et a121 tends to 
-48- 
indicate that at temperatures exceeding 25OOC chemisorption of 
H20 takes place. 
consists of a hydroxyl group adsorbed on a surface Mg+2 ion and 
the remaining hydrogen forming a second hydroxyl group with an 
adjacent 02- ion. 
powders22 indicate that, even at 25"C, water is physically as well 
as chemically adsorbed. Further, chemisorbed water in the form 
of hydroxyl groups greatly increases the number of defects at or 
near the surface of BeO. 
A simple model for water chemisorbed on MgO 
Studies on the adsorption of water on Be0 
The possible role of the proton in the degradation pro- 
1,23 cess of titanates has been suggested by a number of investigators. 
The proposed degradation mechanisms entailed proton generation 
at the anode and migration towards the cathode, or generation of 
anion vacancies. In either case, the electronic conductivity of 
the degrading titanate can be ascribed to the "hopping" of the 
3d electrons of the Ti+3 ions. 
induced changes in electron distribution could be responsible for 
the degradation process. 
It is also possible that field- 
However, not enough is understood about the effects of 
water vapor on micron and submicron sized BaTi03 powders. 
are the nature of the defects, as dehydration proceeds? Does 
the high energy surface strain condition on BaTi03 powders, due 
to extensive dehydration, affect the polarization processes in a 
material that is both ferroelectric and piezoelectric? From an 
electronic point of view, dehydration can be considered analogous 
to charging a condenser, as the "dry surface'' is assumed to have 
a more pronounced "double-layer" characteristic than the surface 
covered with hydroxyl ions. What is the precise electronic struc- 
ture of this outer defect layer? All these are unanswered ques- 
tions that are pertinent to the characterization of BaTi03 powders. 
What 
An investigation on the effects of various gaseous 
environments on the dielectric characteristics of BaTiO, powders 
and 
has 
J 
sintered specimens has been carried out. 
been placed on the creation and interaction of surface defects 
Particular emphasis 
-49- 
on micron and submicron sized powders due to water vapor. 
results indicate that the surface of barium titanate powders can 
be characterized by evaluating the changes in ac conductivity due 
to controlled partial pressure of water, Further, it may be 
possible to monitor very small deviations in stoichiometry (BaO/ 
Ti02 ratio) from a significant change in ac conductivity (no) as 
a function of PH o. 
2. Experimental Procedure 
The 
2 
Dielectric measurements were carried out on cold-compacted 
(unsintered) and sintered BaTi03 specimens, under controlled 
gaseous environments. 
pressing and conventional sintering process from three types of 
starting materials, referred to as llC", "F", and "H". The chemi- 
cal analysis of these BaTi03 powders has been shown in Tables I1 
and 111 (see Section VB). 
The test specimens were prepared by cold- 
The dielectric measurements were carried out in situ 
under controlled gaseous environments in a modified vacuum system. 
Prior to the introduction of a specific atmosphere, the specimen 
in the bell-jar system was subjected to a vacuum of about 10 
torr. The specimen was evaluated in air, vacuum torr) , 
and under positive pressures of oxygen and nitrogen. 
pressure of water vapor, PHzo, was controlled by passing high- 
purity argon gas over drying columns of Drierite (CaS04), then 
Anhydrone (Mg(C104)2) to control PH 
85.70 and 45% strength H2S04 solutigns to obtain P 
7 x 
The argon gas was bubbled through distilled water to control 
'H20 
The effects of water vapor were evaluated on two dif- 
ferent types of BaTi03 powders, having comparable particle size 
but differing BaO/Ti02 ratios, 
as "C" and "H" are high-purity materials not available on a com- 
mercial basis. 
specimens are shown in Table IV. 
-6 
The partial 
at 7 x l o m 6  atm, and over 
values of 
atm, respectively. H2° atm, 1.0 x L O w 3  atm, and 1.5 x 
at 3 x atm. 
The two types of powders identified 
The compositional characteristics of the test 
Specimen No. H-lp was 
-50- 
Table IV 
i 
f 
I n 
i 
PHYSICAL AND COMPOSITIONAL CHARACTERISTICS 
OF BaTi03 TEST SPECIMENS 
I 
"Initial 
Average 
Particle Density , 
Specimen No, Size, u BaO/TiO2 % Theoretical 
H-lp (cold-compacted) 0.75 1.001 54 
H-2s (sintered) -- 1.001* 95 
C-lp (cold-compacted) 0.8 0.995 52 
7k 
Value obtained on starting material. 
"Determined at IITRI by Kaye Centrifugal Disc Photosedimentometer. 
' 1  *- 
-51- 
cold-compacted from material H, and had a density 54% of theoretical. 
The agglomerated particles should, by and large, have surface 
characteristics corresponding to the initial powder particulates. 
Specimen H - 2 s  was sintered to a density 95% of theoretical, also 
prepared from the same material H. 
loss phenomenon on these two specimens should indicate some cor- 
relation between the nature of the defect surface layer of the 
powder particles and the boundary phase in the ceramic. 
Characterization of dielectric 
Specimen No. C-lp was cold-compacted from material C, 
and had a density 52% of theoretical. 
of material C was similar to that of material H. However, their 
BaO/Ti02 ratios are different: 
for specimen C-lp. Whether the rate-controlling species due to 
the effects of water vapor are influenced by the stoichiometry 
of the material should be revealed by comparing the data on the 
two specimens. 
The original particle size 
1.001 for specimen H-lp and 0.995 
The samples were evaluated, simultaneously, at various 
values, ranging from 7 x LOm6 to 10" atm. To obtain equili- 'H 0 
brgtion, the specimens were exposed to each of the controlled 
atmospheres for about 70 hr prior to obtaining the electrical 
measurements 
All dielectric measurements were performed with a 
General Radio type 1615-A capacitance bridge. 
and dissipation factors were measured between frequencies of 
20 to lo5 Hz. 
(K'), dissipation factor (D), and ac conductivity (oat) were 
calculated. 
The capacitance 
From these data the values of dielectric constant 
3 .  Results and Discussion 
a. Stoichiometric Effects on Dielectric 
Loss Due to Water Vapor on BaTiO, Particulates 
The effects of the wslter partial pressure on the ac 
conductivity (oat) of specimens H-lp, H-~s, and C-lp are shown in 
Figs. 11, 12, and 13, respectively. The results indicate that 
? 
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material "H" in the unsintered form shows a significant change in 
o at values of PH > atm. The same material when sintered 
to a dense ceramic 8oes not show any significant conductivity 
changes, until a value of P 
The data obtained on materia "C" (Specimen No. C-lp) indicates 
that in spite of the lack of equilibrgtion discussed below, the 
specimens prepared from material "H". 
have been obtained by exposing the test specimen for 72 hr at 
each successive partial pressure of water. This time period was 
sufficient for equilibration at the lower P values for all three 
test specimens. At a P 
occurred for exposure times ranging from 48 to 120 hr, for the 
sintered specimen ( H - 2 s ) .  
the porous, cold-compacted specimen (H-lp), while the porous, 
cold-compacted specimen (C- lp) prepared from material "C" did 
show a change in cr values for exposure times of 48 to 72 hr, 
indicating that equilibration had not taken place. 
ac 
> 1.5  x 10" atm has been reached. 
Hfo 
is more sensitive to changes in P values than for similar 'ac H20 
The conductivity values 
value of 3 x 10- Po atm no changes in CT 
H20 
A slight change in Q was obtained for 
The frequency dispersion of the dielectric constant, 
values has 
H20 
K', of the cold-compacted specimens, at various P 
been shown in Figs .  14 and 15. Water vapor, at partial pressures 
of about 1.5  x atm and above, causes a significant increase 
in the dielectric constant, especially at lower frequencies 
(< 1 kHz). 
A significant difference in starting materials "H" and 
"C" is that the former has a BaO/Ti02 ratio corresponding to one 
indicating stoichiometry, while material "C" has a slight excess 
of Ti02. 
loss due to water vapor have been summarized in Fig. 16. 
experimental data indicate that even slight deviations from 
stoichiometry as represented by specimens H-lp and C-lp, can sig- 
nificantly affect the change in ac conductivity due to water vapor 
effects. 
ders having small differences in stoichiometry show significantly 
The effects of stoichiometry on the change in dielectric 
The 
It should be pointed out that the barium titanate pow- 
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different dielectric loss phenomena due to water vapor, but have 
nearly identical values of D and aac at a PHio value of 7 x 
atm and in vacuum (-lom6 torr). The enhance dielectric l o s s  in 
the material with a slight excess of Ti02 (flC-lp"), as compared 
to the stoichiometric material (llH-lpl') , only manifests itself 
with increasing partial pressure of H20, as shown in Fig. 16. 
. On the basis of this experimental evidence, we have 
hypothesized that the differences in the dielectric loss behavior, 
as a function of very slight deviations from stoichiometry, are 
due to different manners in which water interacts with stoichio- 
metric and off-stoichiometric "BaTi03" surfaces. It is possible 
that at low P 
with both types of BaTi03 material. 
water is more easily chemisorbed on off-stoichiometric barium 
titanate powders than on stoichiometric material due to the valence 
requirements at the surface. 
other surface defects more easily with the off-stoichiometric than 
the stoichiometric material is a possibility that needs to be 
confirmed. It is conceivable that in barium titanate material 
with excess Ti, the injected protons H+' from the adsorbed water, 
easily reduces the Ti+4 to Ti+3, thus causing an increase in the 
loss. The exact nature of the adsorbed species and the defects 
created therein could be verified by a combination of techniques 
such as infrared adsorption spectra and n.m.r. 
values, physical adsorption of water takes place H20 
H20' 
With an increase in P 
Whether chemisorbed water creates 
However, these results do indicate that the surfaces of 
barium titanate powders can be characterized by evaluating the 
changes in ac conductivity due to controlled partial pressure of 
water. Further, it may be possible to monitor very small devia- 
tions in stoichiometry (BaO/Ti02 ratio) from significant changes 
in the ac conductivity (AD) as a function of PH o. 
b. Effects of Gaseous Environments on Dielectric 
2 
Properties of BaTi03 
The effects of gaseous environments on the dielectric 
characteristics of a dense, sintered BaTi03 have also been 
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Table 111) w a s  used. 
A h igh-pur i ty  BaTi03 ma te r i a l  designated as "F" ( see  
The r e s u l t s  tend t o  i n d i c a t e  t h a t  K ' ,  D,  and oaC of 
t he  s i n t e r e d  BaTi03 specimen does not  change s i g n i f i c a n t l y  when 
measured e i t h e r  i n  a i r ,  oxygen, n i t rogen  o r  under a vacuum of 
t o  t o r r .  Figures 1 7 ,  18, and 19 show the  e f f e c t  of 
these  s p e c i f i c  atmospheres on the  d i e l e c t r i c  behavior of s i n t e r e d  
BaTi03. It  i s  q u i t e  probable t h a t ,  a t  lower pressures  i n  the  
vacuum system, t he  e f f e c t s  may be d i f f e r e n t .  A t  a vacuum of l o m 6  
t o r r ,  i t  takes  0 .23  sec t o  form a monolayer of adsorbed gas,  while 
a t  10'' t o r r ,  i t  takes  38 min t o  form a monolayer. Therefore, i t  
would be i n t e r e s t i n g  t o  study the  d i e l e c t r i c  p rope r t i e s  of BaTi03 
under a vacuum of about lo-' t o r r ,  where s u f f i c i e n t  experimental 
time would be a v a i l a b l e  to  study the  i n t r i n s i c  sur face  charac te r -  
i s t ics  without t he  e f f e c t s  of poss ib le  adsorbed layers .  
The d i e l e c t r i c  c h a r a c t e r i s t i c s  of BaTiO a r e  s i g n i f i -  3 
c a n t l y  a f f e c t e d  by water vapor as shown i n  t h e  preceding s e c t i o n .  
Figure 1 7  shows t h e  l a rge  frequency d ispers ion  of  t he  d i e l e c t r i c  
cons tan t  due t o  water vapor (P a t  3 x atm). A t  frequen- 
cies l e s s  than 2 kHz, t he  values of K '  due t o  t he  e f f e c t  of water 
vapor a r e  s i g n i f i c a n t l y  higher than those obtained i n  oxygen, 
n i t rogen ,  o r  vacuum. For ins tance ,  a t  20 Hz t h e  d i e l e c t r i c  con- 
s t a n t  ( K ' ) ,  due t o  water vapor e f f e c t s ,  was 2,740 as compared t o  
about 2,050 under the  o the r  atmospheres. The lo s s  tangent i s  
a l s o  s i g n i f i c a n t l y  higher  when measured under a water p a r t i a l  
pressure  of 3 x a t m ,  as shown i n  F i g .  18b. Figure 19 shows 
the  ac r e s i s t i v i t i e s  under the  various gaseous environments. 
H 2 0  
The da ta  i n d i c a t e  t h a t  t he  d i e l e c t r i c  loss i s  v i r t u a l l y  
independent of t he  oxid iz ing  na tu re  of t he  atmosphere. The con- 
t r o l l i n g  f a c t o r  seems t o  be t h e  p a r t i a l  p ressure  o f ' t h e  water 
vapor. 
i 
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E. Dielectric Properties of BaTi03 
1. Introduction 
at Infrared and Optical Frequencies 
domain 
wall 
le 
electronic 
ionic 
micro 
stresses 
In an anisotropic dielectric such as BaTi03, the dielec- 
tric constant is a tensor and, being a ferroelectric, each com- 
ponent is a nonlinear function of field and to each other. The 
real and imaginary parts of the nonlinear complex tensor component 
of permittivity are now no longer related through the normal re- 
laxation processes (such as Debye or Maxwell-Wagner type), or 
their modified forms, or through the classical dispersion equations. 
When one considers ceramic BaTi03, the complexities multiply, such 
as orientation, second phase, grain boundary, microstress, piezo- 
electric stresses, and so on, In a ceramic, one may write the 
permittivity, 
surf ace 
layer 
.in 
boundary 
In a ferroelectric state, the domain wall motion and 
microstresses (arising from piezoelectric reaction, and crystal 
anisotropy, etc.) make a significant contribution to the permit- 
tivity, producing a nonlinear behavior under the thermal and elec- 
trical stresses and causing instabilities of the permittivity 
values with time. 
In attempting to identify the various contributions of 
polarization by frequency dispersion, the domain wall motion could 
present some difficulty, For instance, the 90" wall is knownz4 to 
relax slowly over a frequency range from dc to l o9  Hz. The 180" 
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domain w a l l  r e l axes  i n  a d i f f e r e n t  
of t h e  s t rong  p i e z o e l e c t r i c  ac t ion  
manner. Furthermore, because 
i n  f e r r o e l e c t r i c  barium t i t a n -  
ate,  each g ra in  acts a s  a resonator ;  t h e  resonant frequency i s  
determined by t h e  dimension of t h e  gra in .  A range of g ra in  s i z e  
i m p l i e s  a range of resonance frequencies ,  normally i n  t h e  range 
l o 7  t o  l o l o  Hz. This frequency band i s  f u r t h e r  perturbed by the  
microstr .esses a r i s i n g  from t h e  c r y s t a l  anisotropy.  
s i s  of t h e  d ispers ion  curve i s  complicated owing t o  t h e  presence 
of t h e  f e r r o e l e c t r i c  s ta te  i n  the  ma te r i a l .  Therefore,  t o  study 
t h e  r o l e  of t he  g ra in  boundary i n  the  d i e l e c t r i c  p rope r t i e s  of 
BaTi03 ceramics, i t  i s  e s s e n t i a l  t o  e l imina te  some of t h e  o the r  
p o l a r i z a t i o n  processes and e n t e r  i n t o  a l i n e a r  nonfe r roe lec t r i c  
s ta te  where i n t e r p r e t a t i o n  of t h e  experimental  da ta  w i l l  be more 
meaningful. 
by e i t h e r  working with BaTi03 above i t s  Curie temperature i n  t h e  
cubic  s ta te ,  o r  above the  microwave frequencies where B a T i 0 3  
ceases t o  be i n  the  f e r r o e l e c t r i c  s t a t e .  
Thus the  analy- 
It i s  poss ib le  t o  go beyond the  f e r r o e l e c t r i c  region 
Above the  Curie po in t ,  besides t h e  g ra in  boundary e f f e c t ,  
o the r  e f f e c t s  such a s  ion ic  defec ts  and sur face  l aye r s  w i l l  s t i l l  
con t r ibu te  t o  t h e  d i e l e c t r i c  constant .  A t  o p t i c a l  and i n f r a r e d  
frequencies ,  however, such e f f e c t s  w i l l  no t  be p re sen t ,  Therefore,  
s t u d i e s  on t h e  g ra in  s i z e  dependence of t he  d i e l e c t r i c  p rope r t i e s  
of barium t i t a n a t e  a t  t h e  i n f r a r e d  and o p t i c a l  frequencies w i l l  
be very valuable  f o r  de l inea t ing  the  g ra in  boundary d i e l e c t r i c  
cons tan t .  A t  these  frequencies  it i s  mainly the  e l ec t ron ic  polar-  
i z a t i o n  t h a t  con t r ibu te s  t o  t h e  d i e l e c t r i c  constant .  Thus, i f  t he  
e l e c t r o n i c  p o l a r i z a b i l i t y  of t h e  g ra in  boundary d i f f e r s  from t h a t  
of t h e  gra in ,  a marked change w i l l  occur a s  a funct ion of g r a i n  
s i z e  i n  t h e  r e f l e c t i o n  spectra and consequently i n  t h e  d i e l e c t r i c  
spectra should be not iced .  
c r y s t a l  and p o l y c r y s t a l l i n e  barium t i t a n a t e  have been reported.  
However, no study on t h e  g ra in  s i z e  dependence of t he  r e f l e c t i o n  
spectra has been made. 
The r e f l e c t i o n  spec t r a  of both s ingle-  
25,26 
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The grain size dependence of the absorption edge of 
barium titanate in the optical region is also of interest, as it 
may be indicative of the defect structure and stoichiometric 
effects of the grain and grain-boundary regions. 
2. Experimental Procedure 
The experimental work essentially consisted of preparing 
barium titanate samples of varying grain size and obtaining their 
reflection spectra in the wavelength region from 0.325~ to 3011. 
Barium titanate specimens of varying grain sizes were 
prepared by sintering in an oxygen atmosphere. 
cedures and chemical analysis of the BaTi03 powders have been des- 
cribed in Sections V-B and V-C. 
The general pro- 
Electron micrographs of the fired samples were taken by 
two-stage replication techniques. Micrographs of both the as- 
sintered surface as well as the fracture surface have been obtained. 
Carefully polished BaTi03 specimens were then analyzed 
for their reflectance characteristics. 
Spectral reflectance data were taken near normal inci- 
The resolution of the spectrophotometer is from 
dence with a Perkin-Elmer 621 grating double-beam spectrophotometer 
under N2 purge. 
2 cm'l to 5 cm'l in different frequency regions. 
the reflectivity is &3% in the range 300 to 900 cm'l. 
The accuracy of 
Absolute reflectance spectra of the samples were taken 
The absolute 
from 0.325 to 2 . 7 ~  with a Beckman DK-2A spectrophotometer using 
the Edwards-type of integrating sphere attachment. 
hemispherical spectral reflectance was obtained from these measure- 
ments. 
The dielectric properties were computed on an IBM-7099 
computer, from the experimentally obtained spectral reflectance 
data, by using the Kramer-Kronig relationship. 
-68- 
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3 .  Theore t ica l  Concepts 
An ana lys i s  of t h e  r e f l e c t i o n  spectra t o  compute t h e  
r e a l  and imaginary p a r t s  of t h e  d i e l e c t r i c  cons tan t  involves us ing  
t h e  Kramer-Kronig r e l a t i o n s h i p  and the  Fresnel  equation f o r  normal 
incidence.  
, A t  normal incidence the  Fresnel  equation f o r  t he  r e f l e c -  
t i o n  o r  r a d i a t i o n  from an absorbing medium of complex index of 
r e f r a c t i o n ,  N i s  given by: 
N = n - i k  
where n and k,  t he  r e a l  and imaginary parts of t h e  complex index 
of r e f r a c t i o n ,  a r e  r e l a t e d  by the  equation: 
i 0  - n- ik-  1 lrl e - r =-- n i +  
n 
( 4 )  
where rL corresponds t o  the  r e f l e c t e d  i n t e n s i t y  a t  the  inc ident  
sur face  and 9 i s  the  phase angle .  
Separating the  r e a l  and imaginary p a r t s  of N from E q ,  4 
y ie lds :  
1 - r  n =  
1 + r2 - 2 r  cos o (5) 
(6 1 2 r  s i n  8 
1 + r2 - 2 r  cos o k =  
From E q s  5 and 6 it follows t h a t  i f  t h e  amplitude /rl and t h e  
phase angle,  8 ,  a r e  known, the  o p t i c a l  cons tan ts  n and k can be 
solved. From t h e  o p t i c a l  cons t an t s ,  t he  real and imaginary par t s  
of t he  d i e l e c t r i c  cons tan t  can be obtained from the  r e l a t i o n s h i p s :  
2 cl = n (1 - k2)  ( 7 )  
e2 = 2nk 
where c1 and c2 are t h e  e f f e c t i v e  d i e l e c t r i c  constant  and t h e  
d i s s i p a t i o n  f a c t o r ,  r e spec t ive ly .  
Furthermore, i f  In  lr/ i s  known over the  e n t i r e  frequency spectrum, 
The r e f l e c t a n c e  measurement determines lrl and )rl . 
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8 at any single frequency 19jo can be defermined from the Kramer- 
Kronig relationship. 
The Kramer-Kronig relationship is given by: 
The usefulness of this approach is due to the fact that 'I( 
negligible error results from a lack of knowledge of the frequency 
spectrum remote from the point of interest. Therefore, Eq. 9 can 
be further simplified and written as: 
Equation 10 shows that the phase at any arbitrary point is pro- 
portional to an integral over the entire spectrum of the deriva- 
tive of the product of the attenuation and a weighting function 
at each point. 
of interest and flattens out and becomes small at remote points. 
A constant percent error in the attenuation characteristic will 
not influence the phase determination. 
The weighting function peaks sharply at the point 
4 .  Results and Discussion 
a. Electron Micrograph Analysis 
An analysis of the electron micrographs of the specimens 
prepared from starting material "C" have been made. 
to 26 show the electron micrographs of the samples sintered at 
1 2 4 0 " ,  1260", 1280", 1300", 1320", 1 3 4 0 " ,  and 1360"C, respectively. 
The micrographs were taken by two-stage replication technique. 
The results indicate that the samples fired at 1240" and 1260°C 
have a small range of grain sizes; the dark region observed in the 
photomicrographs is due to material scooped out during replication. 
Both samples are underfired and have rather low mechanical strength. 
Samples fired at higher temperatures have larger grain sizes, as 
expected. 
the specimens fired at 1340" and 1360°C. 
Figures 20 
A considerable range of grain sizes was obtained in 
The average grain sizes 
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Fig. 20 - ELECTRON MICROGRAPH OF BaTI03 rrCfl 
SINTERED AT 124OOC (X15500) 
-71- 
I 
a 
Fig. 2 1  - ELECTRON MICROGRAPH OF BaTi03  flCff 
SINTERED AT 126OOC (X15500) 
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Fig. 22 - ELECTRON MTCROGRAPH OF B a T i 0 3 f t C f 1  
SINTERED AT 1280°C (Xl5500) 
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J Fig. 23 - H OF BaTiOg ' T I t  1 3 O O O C  (Xl5500) 
1 
I 
F i g .  24 - ELECTRON MICROGRAPH OF BaTi03 rrC'r 
SINTERED AT 1320°C (Xl5500) 
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Fig. 25 - ELECTRON MICROGRAPH OF BaTi03  "C" 
SINTERED AT 1 3 4 O O C  (X1550p) 
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1 
1, b 
Fig. 26 - ELECTRON MICROGRAPH OF BaTi03 “C” 
SINTERED AT 1360°C (Xl5500) 
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f o r  the sampleswere determined over t h e  en t i re  range of f i r i n g  
temperatures and are shown i n  Table V.  
varying d e n s i t i e s ,  less than des i r ab le  i n  some cases .  
The samples a l s o  have 
Although t h e  e l e c t r o n  micrographs of t h e  second set of 
specimens prepared from material "G" have not  been taken, an in -  
crease i n  g r a i n  s i z e  wi th  increas ing  s i n t e r i n g  temperatures i s  t o  
be expected. The s i n t e r i n g  temperatures and the  d e n s i t i e s  of t h e  
second set  of specimens prepared from mate r i a l  "GI' are presented 
i n  Table V I .  
b. Spectral Reflectance 
The r e f l e c t a n c e  spec t r a  of t he  pol ished specimens of 
BaTi03 material "C" i n  t he  frequency region 900 t o  300 cm'l i s  
shown i n  Fig.  2 7 .  Minimum r e f l e c t i v i t y  occurs a t  frequency near 
800 cmcl; t h e  r e s t r a h l e n  band appears i n  the  475 t o  775  cm'l 
reg ion ,  and seems t o  be dependent upon s i n t e r i n g  temperature. 
The r e s u l t s  of t h e  d i e l e c t r i c  spectra obtained from the  
r e f l e c t i o n  spectra a r e  shown i n  F igs .  28 and 2 9 .  
specimens have a range of d e n s i t i e s ,  a poros i ty  co r rec t ion  on the  
d i e l e c t r i c  constant  w a s  made. Owing t o  the  d i e l e c t r i c  anisotropy 
and varying shape of t h e  g ra ins ,  i t  i s  d i f f i c u l t  t o  f i n d  the  
c o r r e c t  method of averaging. A logarithmic average formula, which 
i s  known t o  work wel l ,  as  long as the  component d i e l e c t r i c  con- 
s t a n t  does not  d i f f e r  from each o the r  by more than 10, and t h i s  i s  
t r u e  i n  our case,  w a s  used. 
Since the  t es t  
The formula i s  given by: 
- 
c log 7 = c log €1 f c 2  log G2 1 
where cl  and c2 a r e  t h e  two concentrat ions corresponding t o  the  
two d i e l e c t r i c  cons tan ts ,  c1 and cz, and c = concentrat ion of t h e  
mixture.  
(dl/d) log el ,  where dl i s  the  apparent dens i ty  and d i s  the  t rue 
dens i ty  o r :  
For a i r ,  c2 = 1, so t h a t  log ? = (cl/')(log cl)  = 
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T a b l e  V 
MXCROSTRUCTURAL CHARACTERISTICS OF SINTERED 
BaTi03 "C" TEST SPPCIMENS 
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Table VI 
PHYSICAL CHARACTERISTICS OF SINTERED 
BaTi03 "G" TEST SPECIMENS 
Density Sintering Temperature, 
"C g/cm3 X Theoretical 
1200 
1220 
1240 
1340 
1360 
4.696 
4.756 
5.057 
5.418 
5.478 
78 
79 
84 
90 
91 
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log  el - log -E -3 
The cor rec ted  d i e l e c t r i c  constant  (e l )  spec t ra  computed from these  
r e f l e c t i o n  spec t ra  are shown i n  Fig.  30. 
t h a t  the  d i e l e c t r i c  cons tan t  increases  wi th  an increase  i n  f r e -  
quency and s i n t e r i n g  temperature.  An increase  i n  s i n t e r i n g  
temperature (1200" t o  136OOC) i m p l i e s  l a r g e r  g ra in  s i z e ,  and 
therefore ,  t he  d i e l e c t r i c  constant  increases  with increas ing  g ra in  
s i z e ,  as  w e l l  as with increas ing  frequency i n  t h e  range 300 cm' l  
t o  1600 cm-' ( i . e .  , from 9 x 1 O I 2  t o  5 . 1  x 
frequency range t h e r e  i s  l i t t l e  ion ic  cont r ibu t ion  t o  the  d ie lec-  
t r i c  constant ,  s ince  the  i n f r a r e d  absorption bands corresponding 
t o  t h e  ion ic  motion and l a t t i c e  v ibra t ions  occur below t h i s  f r e -  
quency range. Also ,  t he re  i s  no f e r r o e l e c t r i c  domain wal l  o r  
d ipo la r  con t r ibu t ion  t o  t h e  d i e l e c t r i c  constant  a t  these  f r e -  
quencies.  The mechanism of po la r i za t ion  i s  mainly e l e c t r o n i c .  
These r e s u l t s ,  therefore ,  tend t o  ind ica t e  t h a t  t he  e l e c t r o n i c  
p a r t  of t h e  d i e l e c t r i c  cons tan t  increases  wi th  increasing gra in  
s i z e .  They a l s o  suggest t h a t  t he  g ra in  s i z e  dependence of t he  
d i e l e c t r i c  constant  i n  barium t i t a n a t e  i s  no t  m e r e l y  f e r r o e l e c t r i c ,  
but a considerable  con t r ibu t ion  i s  nonfe r roe lec t r i c  i n  o r i g i n .  
The r e s u l t s  i nd ica t e  
Hz) , I n  t h i s  
The frequency d ispers ion  of t he  imaginary p a r t  of t h e  
d i e l e c t r i c  constant  f o r  various s i n t e r i n g  temperatures i s  shown 
i n  Fig.  29. 
with g ra in  s i z e .  However, t he re  i s  no marked v a r i a t i o n  wi th  
frequency. 
The imaginary p a r t  ( E ~ )  shows a very s l i g h t  increase  
Reflectance spectra of t he  second set  of samples p re -  
pared from the  powder "G" a r e  shown i n  Figs .  31 and 32. Reflec- 
tance spec t r a  of these specimens prepared from capac i tor  grade 
BaTiO was found t o  be s i m i l a r  t o  t h a t  of t he  high-puri ty  "C" 
mate r i a l .  
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The cor rec ted  d i e l e c t r i c  constant  computed from the  re- 
f l ec t ance  da ta  are shown i n  Fig.  33. I n  t h i s  case  a l s o  the  d ie lec-  
t r i c  constant  increases  wi th  increas ing  g ra in  s ize .  Thus we  can 
conclude from these  two sets of da ta  t h a t  t h e  d i e l e c t r i c  constant  
decreases with the  decrease i n  g ra in  s i z e  i n  t h e  i n f r a r e d  fre- 
quency range. Since the  r e l a t i v e  proport ion of t he  boundary phase 
increase$ with decrease i n  g r a i n  s i z e ,  it could be i n f e r r e d  t h a t  
t he  i n f r a r e d  d i e l e c t r i c  cons tan t  of t h e  g ra in  boundary i s  lower 
than t h a t  of t he  g ra in ,  i n  the  frequency range s tudied .  
C .  Absolute Reflectance 
The v a r i a t i o n  of absolute  r e f l ec t ance  with the  wave- 
length  i s  shown i n  Fig.  34 f o r  a range of 0.325 t o  0.71-1 and i n  
Fig.  35 f o r  a range of 2.0 t o  2 . 7 ~  f o r  t h e  f i r s t  set  of BaTi03 
specimens (mater ia l  "C") s i n t e r e d  a t  various temperatures.  Sin- 
t e r i n g  temperatures a r e  shown adjacent t o  the  traces on these  
f i g u r e s .  
band i n  t h e  region of 0.325 t o  0.41~. and from Fig.  35, an absorp- 
t i o n  band a t  2 . 3 ~ .  
It i s  seen from Fig.  34 t h a t  BaTi03  has an absorpt ion 
It i s  a l s o  seen from Fig.  34 t h a t  towards t h e  r i g h t  of 
t h e  absorpt ion edge, the  r e f l e c t i v i t y  decreases with an increase  
i n  t h e  s i n t e r i n g  temperature,  and consequently,  with an increase  
i n  g ra in  s i z e .  
The band i n  Fig. 35 a t  2 . 3 ~ .  i s  observed only i n  a 
s i n t e r e d  ma te r i a l .  I n  an unsintered ma te r i a l  o r  i n  a ma te r i a l  
s i n t e r e d  up t o  about 1200°C, t h i s  band does no t  show a t  a l l .  I n  
BaTi03 ceramics, s i n t e r i n g ,  g ra in  growth, and t h e  formation of 
g ra in  boundaries which bond the  gra ins  begin a t  around 1200°C. 
So t h i s  band appears t o  be connected with the  e l e c t r o n i c  processes 
a t  t h e  g ra in  boundary, poss ib ly  due t o  the  absorpt ion of photons 
by free carr iers  a t  t he  g ra in  boundary, s ince  the  g ra in  boundary 
region i s  known t o  conta in  many types of de fec t s  which give r i se  
t o  f r e e  c a r r i e r s .  
-88- 
ir:. 
z 
_.Y 1 
I 
E 
L) 
h u 
W 
s 
3 r;r 
a, 
k 
Fr 
-89-  
i 
0 
0 
rl 
\ 
0 m 
-90- 
t 
T s 
' 1  
i 
I 
0 0 0 
0 m 
rl 
N 
0 0 0 
fi \o m 
-91- 
i 
i 
1 
The above experiments were performed with a second set 
of specimens having different purity levels; similar absolute re- 
flectance spectra were obtained. 
of the second set of samples are shown in Fig. 36 for the range 
0.325 to 0 . 5 5 ~  and in Fig. 37 for the range 0.7 to 2 . 7 ~ .  
Absolute reflectance spectra 
The absorption edge centered at around 0.36~ is seen to 
increase toward higher wavelength with the increasing sintering 
temperature, but it is more gentle in slope than the correspond- 
ing less-sintered material. Possible explanations for the varia- 
tion in the absorption edge with the sintering temperature or the 
grain size may be interpreted as follows. Firstly the barium 
titanate used in this case contains slightly excess Ti02. A s  the 
sintering proceeds, BaTi03 and Ti02 react and form the BaTi205 
phase at the grain boundary. Thus, in an unsintered or less- 
sintered material, one observes the absorption edge due to BaTi03 
and a slight amount of TiOZ; whereas in a sintered material, the 
absorption edge is due to BaTi03 and BaTi205. 
reflection spectra at 0 . 3 5 ~  of the unfired sample is interpreted 
as being due to unreacted Ti02. 
is that the number of oxygen vacancies increases with higher 
sintering temperatures and, therefore, results in change in the 
absorption edge. 
The step in the 
A second possible explanation 
, 
' 1  
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F. Use of Electron Beam Scanning (EBS) Technique 
f o r  Direct Measurement of Dielectric Proper t ies  
of Grains and Grain Boundaries 
1. In t roduct ion  
The e l e c t r o n  beam scanning (EBS) technique i s  a new and 
powerful approach t o  the  study of t he  d i e l e c t r i c  proper t ies  of 
g r a i n  boundaries and i n t e r f a c e s .  
The EBS system, developed a t  I I T R I ,  w a s  f i r s t  constructed 
i n  1965, and has been described previously.  27 
one sur face  of the  d i e l e c t r i c  ma te r i a l  i s  charged with a scanning 
e l e c t r o n  beam i n  vacuum. The charge measurement i s  obtained i n  
the  form of a video s i g n a l  output ,  which i s  a measure of t he  
s p a t i a l l y  resolved conduct iv i ty  of t he  sample. The use of an 
e l e c t r o n  beam t o  produce an equ ipo ten t i a l  i n s u l a t o r  sur face  has 
seve ra l  des i r ab le  f e a t u r e s .  The charging soyrce i s  b a s i c a l l y  
high impedance, beam cur ren t s  a r e  e a s i l y  measured and con t ro l l ed ,  
and exce l l en t  guarding of t he  measurement area occurs automatical ly  
f o r  most scanning p a t t e r n s .  For a study of g r a i n  boundaries and 
i n t e r f a c e s ,  i t s  most s i g n i f i c a n t  f e a t u r e  i s  t h a t  the a rea  of d i -  
e l e c t r i c  eva lua t ion  i s  of t he  order  of t he  e l ec t ron  beam spo t  s i z e ,  
and can be made very small .  This,  coupled wi th  the  a b i l i t y  t o  
I n  t h i s  technique 
move the  a rea  of measurement t o  various pos i t i ons  on t h e  sample 
i n  a simple manner, makes i t  a unique t o o l  f o r  studying the  d i e l ec -  
t r i c  p rope r t i e s  of g ra in  boundaries,  as a func t ion  of g ra in  s i z e ,  
stoichiometry,  and o the r  micros t ruc tura l  parameters. 
A preliminary attempt has been made t o  adapt t he  e x i s t -  
ing  EBS system f o r  studying t h e  d i e l e c t r i c  p rope r t i e s  of g ra in  
boundaries i n  BaTi03 .  
2 .  Experimental Procedure 
The mechanical arrangements f o r  d i e l e c t r i c  measurements 
The sample i s  backed on one s i d e  by a 
using t h i s  technique a r e  s t ra ightforward.  Figure 38 i s  a schematic 
diagram of the  EBS system. 
m e t a l l i c  e l ec t rode  w h i l e  t h e  o ther  s i d e  i s  i r r a d i a t e d  by an e l ec t ron  
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beam produced by a conventional e l e c t r o n  gun. A c o l l e c t o r  g r i d  
o r  a large-diameter c o l l e c t o r  r i n g  i s  placed c l o s e  t o  the  sample. 
The c o l l e c t o r  e l ec t rode  may be a t  ground p o t e n t i a l ,  and the  
backing e l ec t rode  i s  connected t o  a va r i ab le  high-voltage supply, 
i n i t i a l l y  a t  ground p o t e n t i a l .  I f  t h e  e l ec t ron  acce le ra t ing  po- 
t e n t i a l  i s  of t h e  order  of s eve ra l  hundred v o l t s  and i f  t he  second- 
a r y  e l ec t ron  emission c o e f f i c i e n t  (deff)  of t h e  i n s u l a t o r  i s  
greater than u n i t y  a t  t h i s  vol tage,  then i n i t i a l l y  the  p o t e n t i a l  
of each spo t  on the  i n s u l a t o r  which i s  bombarded by t h e  primary 
beam w i l l  tend t o  change from zero t o  a p o s i t i v e  value.  The 
sample sur face  p o t e n t i a l  w i l l  come t o  an equi l ibr ium value a few 
v o l t s  above.ground, when d e f f  = 1. The sample  i s  then no longer 
being charged. I f  t h e  backing e l ec t rode  i s  then slowly r a i s e d  
t o  a high p o t e n t i a l  of e i t h e r  p o l a r i t y  while t he  e l ec t ron  beam 
continues t o  scan the  sample i n  a regular  p a t t e r n ,  each spot on 
the  f r o n t  sur face  of t he  sample  w i l l  be brought back t o  the  same 
equi l ibr ium p o t e n t i a l  whenever the  beam s t r i k e s  i t .  The charge 
deposi ted on the  sample w i l l  be opposi te  i n  p o l a r i t y  t o  t h a t  of 
t he  high-voltage backing e l ec t rode  and of a magnitude s u f f i c i e n t  
t o  charge t h e  sample capaci tance t o  t h e  p o t e n t i a l  d i f f e rence  between 
i t s  sur faces  and a l s o  t o  compensate f o r  the  conduction which has 
occurred between i t s  sur faces .  
The determination of d i e l e c t r i c  p rope r t i e s  depends on 
knowing the  vol tage drop across  the  sample and the  charge deposited 
on t h e  sample by t h e  e l e c t r o n  beam. 
3.  Results and Discussion 
Resul ts  have been obtained on a 10 m i l  t h i ck  multicry- 
s t a l l i n e  specimen obtained from an imperfect ppr t ion  of a high- 
p u r i t y  BaTi03 s i n g l e  c r y s t a l  boule. This m u l t i c r y s t a l l i n e  speci-  
men was chosen f o r  t h e  preliminary experiment because i t  has l a r g e  
c rys t a l s  and well-defined boundaries through the  e n t i r e  thickness  
of t he  specimen. 
On scanning the  specimen, a higher i n t e n s i t y  s igna l  w a s  
obtained along the  boundary p r o f i l e .  This ind ica ted  t h a t  t h e  
-97 -  
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d i e l e c t r i c  cons tan t  i n  the  region of t he  g ra in  boundaries i s  
higher than t h a t  i n  the  g ra ins .  
However, c e r t a i n  f u r t h e r  modif icat ions i n  the  EBS system 
are needed before  a q u a n t i t a t i v e  evaluat ion of t he  d i e l e c t r i c  
p r o p e r t i e s  of t h e  boundary and g ra in  regions can be made. 
s igna l - to -no i se  l e v e l  i n  t h e  present  EBS s y s t e m  i s  c l e a r l y  m a r -  
g i n a l  f o r ’ t h i s  purpose. 
occurs wi th  the  present  e l e c t r o n  gun geometry, 
could probably  be obtained us ing  a d i f f e r e n t  type of gun s t r u c t u r e  
involving magnetic d e f l e c t i o n .  
The 
Considerable s c a t t e r i n g  of t he  beam 
A c leaner  beam 
By car ry ing  out t h e  necessary modifications on the pres- 
e n t  EBS sys t em,  including a reduct ion  i n  the  s i z e  of t he  beam 
spo t ,  i t  may be poss ib l e  t o  s tudy d i r e c t l y  the  d i e l e c t r i c  charac- 
t e r i s t i c s  of t he  g r a i n  boundary region a s  a funct ion of g ra in  s i z e .  
This,  of course,  could be a s i g n i f i c a n t  breakthrough i n  the  study 
of boundaries and i n t e r f a c e s  i n  p o l y c r y s t a l l i n e  ma te r i a l s .  
Preliminary as the  present  r e s u l t s  a r e ,  they o f f e r  ev i -  
dence t h a t  i n  the  BaTi03 specimen s tudied ,  t h e  d i e l e c t r i c  con- 
s t a n t  of t he  g r a i n  boundary regions i s  higher than t h a t  of t he  
g r a i n s ,  i n  t he  audio frequency range. 
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VI. CONCLUSIONS 
The d e t a i l e d  r e s u l t s  and t h e  conclusions of each of t he  
t h e o r e t i c a l  and experimental  s tud ie s  performed have been discussed 
i n  previous sec t ions .  These s tud ie s  enabled us t o  cha rac t e r i ze  
t h e  bulk,  sur face ,  and grain-boundary behavior of BaTi03 ceramics. 
The sur face  de fec t  l aye r  of BaTi03 p a r t i c l e s  w a s  des- 
c r ibed  by a b a r r i e r - l a y e r  model t h a t  q u a l i t a t i v e l y  explains  t h e i r  
experimental  d i e l e c t r i c  p rope r t i e s .  The adsorpt ion of oxygen 
and t h e  t rapping of i n t r i n s i c  o r  i n j e c t e d  e l ec t rons  a t  acceptor 
s ta tes  r e s u l t  i n  a higher r e s i s t i v i t y  of the  sur face  deple t ion  
layer .  
j .  
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The c r e a t i o n  and the  i n t e r a c t i o n  of sur face  de fec t s  due 
t o  w a t e r  vapor on micron- and submicron-sized powders w e r e  s tud ied .  
S m a l l  dev ia t ions  i n  s toichiometry (BaO/Ti02 r a t i o )  r e s u l t  i n  s ig -  
n i f i c a n t  changes i n  ac conduct iv i ty  as a funct ion of p a r t i a l  
pressure of water vapor. 
The r e l a t i o n s h i p  between the  d i e l e c t r i c  cons tan ts  of 
t h e  bulk and g ra in  boundary a s  a funct ion of g ra in  s i z e  i n  s in -  
t e r e d  BaTi03 ceramics was t h e o r e t i c a l l y  and experimentally s tud ied .  
The increase  i n  d i e l e c t r i c  cons tan t  wi th  decreasing g ra in  s i z e  
( t o  lp) a t  audio- and radio-frequencies  was explained on t h e  bas i s  
t h a t  t h e  d i e l e c t r i c  cons tan t  of t he  grain-boundary phase i s  higher 
than t h a t  of t h e  g r a i n  and changes from a high value f o r  l a r g e  
g ra ins  t o  a s m a l l  value f o r  s m a l l  g r a ins ;  t he  d i e l e c t r i c  con- 
s t a n t  of t he  g ra in  remains cons tan t .  That t h e  grain-boundary 
reg ion  has a higher  d i e l e c t r i c  constant  than the  g ra in  a t  low 
frequencies  was experimentally v e r i f i e d  by an electron-beam 
scanning technique. In the  infrared-frequency range, where 
BaTiO i s  no t  f e r r o e l e c t r i c ,  t h e  r e l a t i v e  d i e l e c t r i c  constant  de- 
c reases  s l i g h t l y  with decreasing g ra in  s i z e .  Therefore,  a con- 
s ide rab le  con t r ibu t ion  t o  t h e  g ra in - s i ze  dependence oE t h e  d i -  
e lectr ic  cons tan t  i n  BaTi03 ceramics i s  probably nonfe r roe lec t r i c  
i n  o r i g i n .  
3 
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On the basis of the work done, electroceramics such as 
BaTi03 can be effectively characterized for microelectronic 
applications. Furthermore, the characterization of ceramic mate- 
rials in terms of bulk, surface, and grain-boundary properties, 
which can be translated for designing electronic devices, serves 
a practical purpose. 
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